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ABSTRACT 
 
 
The US fuel ethanol demand was 50.3 billion liters (13.3 billion gallons) in 2012.  
Corn ethanol was produced primarily by dry grind process.  Heat transfer equipment fouling 
occurs during corn ethanol production and increases the operating expenses of ethanol plants.  
Following ethanol distillation, unfermentables are centrifuged to separate solids as wet grains 
and liquid fraction as thin stillage.  Evaporator fouling occurs during thin stillage 
concentration to syrup and decreases evaporator performance.  Evaporators need to be 
shutdown to clean the deposits from the evaporator surfaces.  Scheduled and unscheduled 
evaporator shutdowns decrease process throughput and results in production losses.  This 
research were aimed at investigating thin stillage fouling characteristics using an annular 
probe at conditions similar to an evaporator in a corn ethanol production plant.  
Fouling characteristics of commercial thin stillage and model thin stillage were studied 
as a function of bulk fluid temperature and heat transfer surface temperature.  Experiments 
were conducted by circulating thin stillage or carbohydrate mixtures in a loop through the test 
section which consisted of an annular fouling probe while maintaining a constant heat flux by 
electrical heating and fluid flow rate.  The change in fouling resistance with time was 
measured.  Fouling curves obtained for thin stillage and concentrated thin stillage were linear 
with time but no induction periods were observed.  Fouling rates for concentrated thin stillage 
were higher compared to commercial thin stillage due to the increase in solid concentration.  
Fouling rates for oil skimmed and unskimmed concentrated thin stillage were similar but 
lower than concentrated thin stillage at 10% solids concentration.  Addition of post 
fermentation corn oil to commercial thin stillage at 0.5% increments increased the fouling 
rates up to 1% concentration but decreased at 1.5%.      
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As thin stillage is composed of carbohydrates, protein, lipid, fiber and minerals, 
simulated thin stillage was prepared with carbohydrate mixtures and tested for fouling rates.  
Induction period, maximum fouling resistance and mean fouling rates were determined.  Two 
experiments were performed with two varieties of starch, waxy and high amylose and short 
chain carbohydrates, corn syrup solids and glucose. Interaction effects of glucose with starch 
varieties were studied.  In the first experiment, short chain carbohydrates individual and 
interaction effects with starch were studied.  For mixtures prepared from glucose and corn 
syrup solids, no fouling was observed.  Mixtures prepared from starch, a long glucose 
polymer, showed marked fouling.  Corn syrup solids and glucose addition to pure starch 
decreased the mean fouling rates and maximum fouling resistances.  Between corn syrup 
solids and glucose, starch fouling rates were reduced with addition of glucose.  Induction 
periods of pure mixtures of either glucose or corn syrup solids were longer than the test period 
(5 h).  Pure starch mixture had no induction period.  Maximum fouling resistance was higher 
for mixtures with higher concentration of longer polymers. Waxy starch had a longer 
induction period than high amylose starch. Maximum fouling resistance was higher for waxy 
than high amylose starch.  Addition of glucose to waxy or high amylose starch increased 
induction period of mixtures longer than 5 h test period.  
It appears that the bulk fluid temperature plays an important role on carbohydrate 
mixture fouling rates.  Higher bulk fluid temperatures increased the initial fouling rates of the 
carbohydrate mixtures.  Carbohydrate type, depending on the polymer length, influenced the 
deposit formation.  Longer chain carbohydrate, starch, had higher fouling rates compared to 
shorter carbohydrates such as glucose and corn syrup solids.  For insoluble carbohydrate 
mixtures, fouling was severe.  As carbohydrate solubility increased with bulk fluid 
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temperature, surface reaction increased at probe surface and resulted in deposit formation.  
Higher surface temperatures eliminated induction periods for thin stillage and fouling was 
rapid on probe surface.  
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1. INTRODUCTION 
Fouling is the deposit formation on a heat transfer surface that increases resistance to 
heat transfer and fluid flow (Epstein 1983; Taborek et al 1972).  These deposits are thermally 
insulating and decrease the heat transfer efficiency of processing equipment such as 
evaporators.  Fouling related losses include cleaning chemicals, reduced productivity due to 
plant shutdown for cleaning, maintenance and operating costs, and capital costs from 
oversized heat transfer equipment to accommodate fouling.  Evaporation is one of the key unit 
operations to concentrate final products in the food industry.  During the evaporation of 
process streams, components such as protein form deposits on evaporator surfaces and cause 
evaporator fouling. The rate of deposit formation depends on many variables, including 
processing conditions such as bulk fluid temperature, flow velocity and pressure.   
In the US, fuel ethanol production from corn increased from 34.1 billion liters (9 
billion gallons) in 2008 to 50.3 billion liters (13.3 billion gallons) in 2012 (RFA 2013).  Corn 
ethanol production increased due to an increase in the demand for ethanol as a fuel additive 
(Shapouri et al 2003).  In the corn ethanol industry, evaporator fouling is encountered during 
thin stillage concentration to syrup.  Thin stillage fouling decreases the evaporator efficiency, 
increases steam consumption and, therefore, increases ethanol production costs.  Additional 
costs associated with fouling include labor and equipment to clean heat transfer surfaces and 
increased environmental impact from cleaning chemical disposal (Epstein 1981).  Evaporator 
shutdowns reduce process throughput and causes production losses.  One liter of ethanol 
produced by the dry grind process can generate up to 5 to 6 liters of whole stillage 
(Rasmussen et al 2014); upon centrifugation, whole stillage is separated into thin stillage and 
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wet grains.  Thin stillage evaporation is done prior to DDGS drying, evaporator inefficiency 
increases the operating costs of DDGS dryer.  Water removal using a dryer consumes four to 
five times more energy compared to an evaporator because DDGS dryers use natural gas 
whereas most evaporators operate on recovered thermal energy from the ethanol production 
process (Meredith 2003a).   
Chemical additives to reduce evaporator fouling are not economical.  One of the 
fouling mitigation strategies that does not increase production costs is to delay fouling by 
maintaining optimal processing conditions.  There is limited research on evaporator fouling 
from thin stillage produced during the dry grind process.  Although earlier studies on thin 
stillage fouling reported composition, induction period, fouling resistance and fouling rates 
(Singh et al 1999; Wilkins et al 2006a; Wilkins et al 2006b; Arora et al 2010), these studies 
operated at temperatures below starch gelatinization temperatures (63 to 70°C) and also at 
conditions below that of a typical dry grind thin stillage evaporator.  The fouling rates of thin 
stillage determined in earlier studies represent the actual fouling rates.  High variability in 
observed fouling rates and induction periods were found in an earlier study; the causes are not 
well understood (Wilkins et al 2006a).   
In the dairy industry, milk composition is known to affect evaporator fouling (Bansal 
and Chen 2006).  Compositional effects on thin stillage fouling were not investigated.  Even 
under strict reaction conditions, it is difficult to achieve consistent composition at industrial 
scale (Rosentrater and Muthukumarappan 2006) and therefore changes occur in the 
composition of dextrins, maltose and glucose from batch to batch.  Thin stillage produced 
from corn processing is composed of unconverted starch, yeast, protein, oil and minerals 
(Larson et al 1993; Wall et al 1983).  Enzymatic hydrolysis results in starch breakdown into 
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shorter oligosaccharides (dextrins) and during simultaneous saccharification and fermentation; 
glucoamylase converts dextrins to glucose, maltose and maltotriose (Wang et al 2005).  
Processing steps result in compositional changes in process streams which contribute to 
fouling on evaporator surfaces.  Thin stillage composition, as reported in literature, varies 
with corn variety and with the operating conditions at various dry grind facilities (Belyea et al 
2004).  Earlier research on thin stillage fouling included the effects of Reynolds number 
(Wilkins et al 2006a), pH (Wilkins et al 2006b), membrane filtration (Arora et al 2010) and 
lipid content (Singh et al 1999).  However, earlier studies did not identify the thin stillage 
components that contributed to evaporator fouling.  The current study is to investigate thin 
stillage fouling tendencies at conditions similar to a commercial ethanol plant; use model 
fluids prepared from carbohydrate mixtures that have characteristics similar to thin stillage 
and post fermentation corn oil added thin stillage to study fouling tendencies.    
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2. OBJECTIVES 
Objectives of this study were to: 
1. Determine fouling resistances of model thin stillage mixtures prepared from 
ungelatinized starch and sucrose mixtures. 
2.  Investigate fouling characteristics of carbohydrate mixtures by using model thin 
stillage prepared from starch, corn syrup solids and glucose, and also their interaction 
effects on fouling. 
3. Compare effects of amylose and amylopectin content in carbohydrate mixtures on 
fouling resistance.  
4. Determine total solids effects on fouling rates of commercial thin stillage and 
concentrates collected from stages of a multiple effect evaporator.  
5. Determine effects of post fermentation corn oil content in thin stillage on evaporator 
fouling. 
6. Compare fouling rates of evaporator concentrate before and after oil separation.  
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3. LITERATURE REVIEW 
3.1. Corn ethanol production  
Commercial corn fractionation technologies can be classified into (1) wet milling, (2) 
dry milling and (3) dry grind (Singh and Johnston 2009).  Wet milling is a water based 
fractionation process that separates starch and other fractions of corn, i.e., protein, germ and 
fiber (Johnson et al 2003).   Dry milling primarily produces grits for breakfast cereal.  Ethanol 
is the primary product from the corn dry grind process and distillers dried grains with solubles 
(DDGS) is the main coproduct.  The energy crisis in the 1970s led to fuel grade ethanol 
production from corn wet milled starch (Kohl 2009; Solomon et al 2007).  In the 1990s and 
2000s, demand for ethanol required building new dry grind facilities to increase ethanol 
production.  In the US, fuel ethanol is produced by two processes: dry grind (86%) and wet 
milling (14%) (Mueller 2010).  A majority of ethanol was produced using the wet milling 
process until the middle 1990s.  Wet milling facilities have higher capital expenses, water 
intensive processes and higher operating costs; they also produce higher valued coproducts 
such as corn oil, corn gluten feed and corn gluten meal (Kohl 2009).  The dry grind process 
produces DDGS that has low coproduct value and one way of decreasing the ethanol 
production cost is to improve the efficiency of the ethanol production process.  Addressing 
fouling issues in the ethanol industry may reduce costs from heat transfer equipment cleaning, 
labor and cleaning chemicals.  
3.1.1. Wet milling industry   
Wet milling is a technique primarily used to produce starch which is further converted 
into ethanol by fermentation.  In wet milling, starch, germ, fiber and protein are produced 
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from five basic processing steps: steeping, germ recovery, fiber recovery, protein recovery 
and starch washing (Rausch and Belyea 2006) (Figure 3.1).  
 
Figure 3.1. Corn wet milling process (Rausch and Belyea 2006) 
Steeping of corn softens the kernel and leaches solubles from germ and other corn 
components into the water to produce light steepwater (Rausch and Belyea 2006).  Light 
steepwater is added to fermentation mash since it has nutrients such as soluble sugars that are 
required for fermentation.  Purified starch obtained from starch washing process, is cooked, 
liquefied, saccharified and fermented to produce beer. 
Light steepwater has 4 to 8% solids and concentrated to 35 to 40% solids in 
evaporators to produce heavy steepwater (Blanchard 1992).  Steepwater consists of protein 
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(43% db), nonfibrous carbohydrates, i.e., starch and monosaccharides (37% db), ash (18% db) 
and fat (2% db) (Rausch et al 2003) which form deposits on evaporator surfaces.  To reduce 
fouling issues and to increase energy efficiency, steepwater is concentrated in forced 
circulation evaporators (Eckhoff and Watson 2009).  Agbisit et al (2003) used the same 
fouling apparatus used by Singh et al (1999) to determine fouling rates of light steepwater 
(LSW) and membrane filtered steepwater (FSW).  Microfiltration of steepwater prior to 
evaporation decreased the solids content by 19% and fouling rates by 80% when compared to 
unfiltered steepwater (Agbisit et al 2003).  Higher heat transfer coefficients can be obtained 
from lower suspended solids in mash (Taylor et al 2001).  However, the composition of 
microfiltered steepwater was not reported and it was not known if the protein or the 
carbohydrate fractions contributed to the lowered fouling rates.   
Singh et al (1999) reported fouling resistances of wet milled thin stillage.  Soluble 
material following fermentation in the wet milling process is called wet milled thin stillage.  
Wet milled thin stillage had an oil content of 0.01% wb (0.14% db).  Refined corn oil addition 
had a significant effect on wet milled thin stillage fouling and increased the fouling resistance 
up to an oil concentration of 1.41 %wb (Singh et al 1999).  However, a larger amount of 
refined corn oil (1.47% wb) decreased the fouling resistance; the reasons were unclear (Singh 
et al 1999).  Germ removal at the beginning of the wet milling process may have decreased 
fouling rates (Singh et al 1999).  Lund and Sandu (1981) suggested that large amounts of 
lipids were adsorbed onto heat transfer surfaces and altered surface characteristics.  
Copolymerization reactions between protein and lipid could cause changes in deposit 
formation on heat transfer surfaces (Lund and Sandu 1981).  
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3.1.2. Dry grind process  
Energy intensive operations in dry grind facilities includes recovering and purifying 
ethanol from fermentation broth, thin stillage concentration and drying unfermentables to 
produce DDGS (Bott and Gudmundsson 1977; Kwiatkowski et al 2006).  Kwiatkowski et al 
(2006) developed a process and cost model for a 119 million kg/year (40 million gallons/year) 
capacity conventional dry grind processing facility.  To evaporate 1 kg of water during DDGS 
drying and thin stillage concentration in evaporators consumed 12,075 kg/h recovered vapors 
from distillation column and 0.06 kg natural gas (Kwiatkowski et al 2006).  Thermal energy 
required for thin stillage concentration in evaporators and DDGS drying accounts for 40 to 
45% of the total thermal energy and 30 to 40% of total electrical energy requirements 
(Meredith 2003b).   
The dry grind process involves the following steps: grain receiving and cleaning, grinding and 
mixing, cooking and liquefaction, saccharification and fermentation, distillation 
and dehydration and coproduct recovery (Rausch and Belyea 2006) (Figure 3.2).  
Dry corn is reduced to fine particle size (0.32 to 0.48 cm) by hammer mills and 
mixed with water and thin stillage to produce a slurry.  Thin stillage is a recycled 
stream which is a fraction of liquid portion separated from whole stillage by 
centrifugation (Kelsall and Piggot 2009; Kwiatkowski et al 2006).  Starch is 
hydrolyzed in two steps; liquefaction with alpha-amylase (90°C, pH 5.5 to 6.0) and 
simultaneous saccharification and fermentation with glucoamylase and yeast at 
30°C and pH 4.0.   
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Figure 3.2. Dry grind process  
During cooking and liquefaction, a thermally stable alpha-amylase is added to the 
slurry.  Starch is insoluble in water but upon heating in water, loses its crystalline structure 
and forms short chain molecules, i.e., dextrins.  The dextrins are hydrolyzed by glucoamylase 
to glucose from the nonreducing end.  As dextrins are hydrolyzed to glucose, yeast ferment 
the glucose anaerobically to produce ethanol.  Under the conditions used, conversion takes 
approximately between 44 to 80 hours to complete (Madson and Monceaux 1995; Wang et al 
2005).   
Beer, the fermentation product is transferred to distillation columns where the 
ethanol/water mixture is separated from unfermented materials such as unconverted starch, 
yeast, fibers, proteins and oil (Kim et al 2008).  Coproduct recovery begins with centrifuging 
unfermented material known as whole stillage.  Total solids content of whole stillage ranges 
from 6 to 16% and contains soluble and insoluble solids.  Whole stillage is centrifuged to 
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separate insoluble solids (wet grains) from the liquid fraction (thin stillage) (Figure 3.2).  Wet 
distillers grains have 65 to 70% moisture content (Kingsly et al 2010).  A fraction (15% or 
more) of thin stillage is recycled as backset and used as process water in slurry preparation 
(Figure 3.2).  Thin stillage contains 4 to 6% of solids and concentrated to 25 to 30% solids in 
evaporators to produce condensed distillers solubles (CDS) (Singh et al 1999) (Table 3.1).  
CDS and wet grains are combined and dried to produce DDGS.   
Table 3.1. Thin stillage composition. 
Component Larson 
et al 
(1992) 
(Ham et al 
1994) 
Wilkins 
et al 
(2006a,b) 
Kim et al 
(2008) 
Arora et 
al 
(2009) 
(Wood et 
al 2013) 
Dry matter 5.0 4.4 7.25 6.2 5.23 9.73 
Starch 22.0 25 - - - - 
Crude Protein  16.8 27.3 16.8 21.1 29.7 12.6 
Crude Fat 8.1 4.5 - 20.1 9.7 18.5 
Ash 5.9 1.5 11.4 12.9 6.3 9.2 
NDF 11.7 13.6 - - - 12.33 
Carbohydrates - - - 45.2 - - 
NDF – neutral detergent fiber 
3.1.3. Thin stillage fouling studies  
Singh et al (1999), Agbisit et al (2003), Wilkins et al (2006a, 2006b) and Arora et al 
(2010) studied fouling in corn processing.  In general, fouling fluid composition affects the 
fouling rates (Bansal and Chen 2006).  Singh et al (1999) used an annular fouling probe to 
study the effects of refined corn oil addition on fouling characteristics of dry grind thin 
stillage and wet milling thin stillage.  Fouling rates of dry grind corn ethanol thin stillage were 
three times higher than wet milled thin stillage (Singh et al 1999).  Compositional analyses 
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revealed thin stillage from dry grind ethanol plant had an oil content of 16.5% db whereas oil 
content from wet milling was 0.14% db. Higher oil content in thin stillage from a dry grind 
ethanol plant contributed to higher fouling rates.  Addition of refined corn oil at 0.5% 
increments to dry grind ethanol thin stillage decreased fouling rates up to an oil concentration 
of 1.41% wb (Singh et al 1999).  Large amounts of oil may have transformed the heat transfer 
surfaces into unwettable or even autotrophic surfaces (Lund and Sandu 1981).  However, 
refined corn oil may not accurately represent crude corn oil in thin stillage; unrefined corn oil 
has free fatty acids and phospholipids that are removed during the oil refining (CRA 2009).  
Also, the bulk temperatures in the experiments were 40±2.5°C but commercial thin stillage 
temperatures range from 75 to 85°C in the evaporator (Arora 2009; Kim et al 1997).   
Wilkins et al (2006a,b) used an annular probe and fouling apparatus used by Singh et 
al (1999) and Agbisit et al (2003) to study the repeatability of fouling rate measurements and 
effects of fluid shear on fouling rate, induction period and fouling deposit composition.  
Higher flow velocities promote turbulence and removes fouling deposits from heat transfer 
surfaces.  Flow turbulence is determined by a dimensionless parameter called Reynolds 
number (Re).  Deposit formation on heat transfer surfaces decreased with increase in flow 
turbulence in diary industry (Belmar-Beiny et al 1993).  Experiments were conducted at two 
laminar flow rates (Re = 440 and 880) and at bulk temperatures of 40 ± 2°C.  At higher Re, 
fouling rates decreased because fluid shear at the heat transfer surface increased and decreased 
deposit formation rate which was reflected in the longer induction period.  In another study, 
Wilkins et al (2006b) studied effects of pH and acid types on fouling rates of thin stillage. 
Fouling rates were higher at pH 3.5 than pH 4.0 and 4.5.  Glucoamylases in thin stillage may 
be responsible for protein aggregation and adsorption onto the probe surface.  At higher pH, 
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protein content decreased and ash content increased in fouling deposits.  As pH increased, 
phosphate salts of Ca, Mg, Mn and K may have increased in thin stillage which increased the 
ash content in fouling deposits.   Acid type did not affect induction periods or fouling deposit 
composition in terms of protein and ash contents.  Hence, fouling characteristics and deposit 
compositions were independent of acid type used to adjust slurry pH within the pH range 
studied.   
Arora et al (2010) used the same fouling apparatus from previous researchers (Agbisit 
et al 2003; Singh et al 1999; Wilkins et al 2006a; Wilkins et al 2006b) to investigate the 
effects of microfiltration on thin stillage fouling tendencies.  Microfiltration permeate (MFP) 
and diluted thin stillage (DTS) were produced with total solids content of 3.4 and 3.5% from 
initial total solids of 7.3% in thin stillage collected from a dry grind facility.  Fouling 
resistance decreased by 50% for MFP when compared to actual thin stillage, perhaps due to 
decreased protein and fat concentrations. MFP had a longer induction period (9.5 h) when 
compared to DTS (4.3 h).  Mean fouling rates also decreased by a factor of 23.4 for MFP and 
by 2.3 for DTS when compared to actual thin stillage.  It was recommended to include 
microfiltration to alter process steam composition and reduce heat transfer fouling in 
evaporators.   
3.2. Heat transfer equipment fouling 
3.2.1. The cost of fouling  
Fouling deposits are thermally insulating and decrease the overall heat transfer coefficient, 
a parameter indicating heat transfer rate.  Due to reduced overall heat transfer coefficients, the 
heat transfer efficiency of processing equipment decreases and requires eventual cleaning.  
Equipment cleaning requires plant partial shutdowns and decreases throughput.  Fouling 
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related losses includes excess energy costs, chemical costs and interruptions in production 
(Bohnet 1985).  Sugarcane industries in Louisiana clean evaporators every 8 to 10 days and in 
Florida, cleaning schedules every 2.5 days have been reported (Eggleston and Monge 2005).  
Overall annual costs of industrial heat exchanger fouling in the United Kingdom accounted 
for 0.25% of gross national product (Pritchard 1988).  In the US, fouling costs in crude oil 
refineries accounted for more than $1360 million/year in 1981 (Van Nostrand et al 1981).  
Fouling costs are substantial even though the data available on fouling costs across nations are 
limited.  Fouling related costs are classified into four main areas: 
1. Increased capital costs 
Higher capital costs result from oversized heat transfer equipment to accommodate fouling 
effects (Bott 1988).  Heat transfer capacity decreases with increased fouling deposits; heat 
exchangers are usually designed with 20 to 25% excess surface area.  Excessive fouling of 
some process fluids requires a standby heat exchanger.  Oversizing equipment is associated 
with costs accrued from provision of extra space, stronger foundations and increased 
installation charges (Pritchard 1988; Thackery 1979).  
2. Production losses 
Scheduled shutdowns for heat transfer equipment cleaning may minimize production 
losses but a plant operating at a reduced capacity represents profit loss.  Consequences of 
shutdowns could become more expensive in terms of production loss if the fouling problems 
were not recognized during the design stage and proper allowances were not made to 
accommodate fouling effects.  Production losses may be recognized but fouling associated 
costs such as additional maintenance of pumps and pipework will be accrued as maintenance 
charges.   
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3. Cleaning costs 
Cleaning chemicals are hazardous and raise safety and environmental issues if they are not 
disposed properly.  Effluent treatment of chemicals adds to the fouling related costs besides 
labor costs for equipment cleaning.  Clean in place (CIP) equipment requires considerable 
capital investment if the use of additives cannot solve cleaning issues.  Ancillary equipment in 
the form of pipes, supports for CIP equipment add to the cleaning costs, increasing the overall 
fouling related costs (Thackery 1979).     
4. Operating costs 
Maintenance costs are divided into two classes: costs involved in removing the fouling 
deposits during scheduled or unscheduled maintenance and operating costs from antifouling 
devices for mechanical cleaning of the heat transfer equipment (Pritchard 1988).  Fouling of 
heat transfer equipment does not increase pumping costs but costs incurred from burning extra 
fuel or using electricity or process steam to achieve desired heat transfer efficiency (Thackery 
1979).   
3.2.2. Fouling classification 
There are several causes for heat transfer equipment fouling that were first defined by 
Epstein (1981) and typically are used by investigators to describe fouling phenomena.  
Solutions that have inverse solubility, i.e., solubility decreases with increase in temperature, 
results in scale or deposit formation due to solute precipitation, e.g., calcium carbonate 
solution.  Fouling mechanisms are complex and difficult to distinguish.  Due to a variety of 
fouling mechanisms, they are classified into five primary categories: crystallization, 
particulate, chemical reaction, corrosion and biological fouling (Epstein 1981).   
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1. Crystallization fouling is subdivided into:  
a. Precipitation fouling – dissolved substances in solution deposit onto the heat transfer 
surface by crystallization which is also referred to as scaling.  Fouling deposits are 
formed in the bulk of the fluid and transported to the heat transfer surface, instead of 
deposits transported in molecular or ionic form (Bott 1988). 
b. Solidification fouling – crystallization from freezing of a pure liquid below its freezing 
point results in solids deposition. Factors that affect solidification fouling are: flow 
rate, solute concentration, heat transfer surface and crystallization temperature.  
Fouling may be controlled from altering the temperatures to below solute 
crystallization temperature.        
2. Particulate fouling – accumulation of suspended solids onto the heat transfer surface also 
called sedimentation fouling, if the deposit formation is from gravity settling.  Suspended 
solids may include chemical reaction products of the process fluid.    
3. Chemical reaction fouling – chemical deposits formed on the heat transfer surface by 
chemical reactions within the process fluid.  The surface material is not a reactant but may 
act as a catalyst.  
4. Corrosion fouling – corrosion products accumulation on the heat transfer surface.  This 
type of fouling has been classified into in-situ and ex-situ corrosion fouling.  In in-situ 
corrosion fouling, deposits are formed from chemical reactions between surface material 
and the substrate, whereas in ex-situ corrosion fouling, deposition of corrosion products 
occurs by either precipitation or particulate fouling.  Solubility of corrosion products 
determines the type of corrosion fouling, i.e., in-situ or ex-situ.   
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5. Biological fouling – development of organic films from deposition of micro or macro 
organisms on heat transfer surfaces.  
Fouling categories are based on the key physical/chemical process required for a particular 
fouling phenomenon. However, processes that govern fouling rates (e.g., mass transfer, 
surface reaction) are not denoted by fouling categories and can only be analyzed from process 
variables such as fluid velocity and surface temperature (Taborek et al 1972).  
3.2.3. Fouling sequence 
According to the theory introduced by Epstein (1981), the sequential events of fouling for 
the above categories were divided into five successive processes.   
1. Initiation or induction period – Initiation is the time required to initiate fouling on a clean 
heat transfer surface by processes such as nucleation, surface conditioning, surface 
adsorption etc.  
2. Transport – Fouling species or a crucial reactant is transported to the heat transfer surface 
by diffusion (Brownian or eddy), thermophoresis, inertia and gravity. 
3. Attachment – After the fouling species is transported to the heat transfer surface, the 
process of attachment occurs by surface integration in precipitation fouling.  Fouling 
species attachment is also dependent on the London -Van der Waals attraction, cohesion 
forces between the depositing particles and adhesion forces between the particles and wall 
surface. 
4. Removal – Random periodic turbulent bursts, viscous shear on heat transfer surface and 
autoretardation mechanisms that prompt deposit blockage cause deposit removal. 
However, deposit removal may or may not begin as soon as the deposition started.  
 17 
 
5. Aging – Aging decreases the strength of the deposit and fluid shear forces remove the 
deposit hydrodynamically.  Sawtooth shaped fouling profiles from long term fouling 
studies depict aging phenomenon in fouling.  Changes in the crystal or chemical structure 
of the deposit, thermal stresses and slow poisoning of biofilm are results of deposit aging.   
Aging is the least studied of all the fouling sequences.  
      Epstein (1981) also proposed a 5 × 5 matrix with rows represent the sequential events and 
columns would represent the primary categories.  The matrix would help to relate research 
findings to the fouling categories and sequential events.     
3.2.4. Fouling resistance  
According to Fourier’s law of heat conduction for steady state conditions, the rate of 
heat flow across an isothermal surface is proportional to the temperature gradient at the 
surface (Kern 2001).  
q
A
= −k
dT
dx
 
where q = rate of heat flow across the surface in normal direction 
A = area of isothermal surface 
T = temperature 
k = proportionality constant 
x = distance normal to the surface 
In general, hot and cold fluids in heat transfer equipment are separated by metal wall. 
In Figure 3.3, a metal wall separates the hot fluid on the left from the cold fluid on the right. 
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Individual film or heat transfer coefficients calculated for hot and cold fluids are different due 
to the temperature gradient across the metal wall.  The individual heat transfer coefficient (h) 
is defined by the equation: 
h =
dq/dA
dT
 
h =
dq/dA
T − TW
 
where dq/dA = local heat flux, depending on the area in contact with the fluid 
T = local average temperature of fluid 
Tw = wall temperature in contact with fluid 
The reciprocal of the individual heat transfer coefficient is called thermal resistance.  The 
overall resistance to heat flow from hot side to cold side through the wall is sum of three 
separate resistances operating in series (Figure 3.3). The overall heat transfer coefficient, U, is 
defined by equation (Kern 2001):  
1
U
= ∑(Heat transfer resistances) 
Overall heat transfer coefficient of the clean surface, 
1
UC
= R1 + RW + R2 
where UC = overall heat transfer coefficient of the clean surface 
R1, = individual heat transfer resistance on hot side of wall 
R2 = individual heat transfer resistance on cold side of wall  
Rw = individual heat transfer resistance from wall 
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Overall heat transfer coefficient of the fouled surface, 
1
UF
= R1 + RF1 + RW + RF2 + R2 
where UF = overall heat transfer coefficient of the fouled surface 
RF1, = individual heat transfer resistance from fouling on hot side of wall 
RF2 = individual heat transfer resistance from fouling on cold side of wall  
 
Figure 3.3. Heat transfer resistances and temperature profiles 
 
The resistance of deposits (Rf) on both sides of the wall can be determined from the 
difference of the reciprocals of overall heat transfer coefficients of fouled and clean surfaces: 
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1
UF
−
1
UC
= (R1 + RF1 + RW + RF2 + R2) − (R1 + RW + R2) 
𝑅𝑓 =  RF1 + RF2 =
1
UF
−
1
UC
 
3.2.5. Fouling curves 
Resistance to heat transfer, or fouling resistance (Rf), is measured by a test section from a 
laboratory scale fouling measurement apparatus and plotted against time (Figure 3.4).  
Fouling curves represent various modes of fouling such as linear, falling rate and asymptotic 
(Epstein 1981).  The initial period of time where no fouling occurs is called delay or induction 
period. Induction period obtained from each experiment can vary even if all the parameters 
are kept constant.  Induction periods for new surfaces that are used for the first time are 
usually longer than surfaces that are cleaned and reused (Bott 1988).   
 Figure 3.4. Fouling resistance (Rf) vs. Time 
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1. Linear rate curve – The foulant deposition rate and removal rate are constant.  Fouling 
resistance starts after the induction period and increases as a linear function of time. 
2. Falling rate curve – Fouling resistance increases with time but not linearly as the 
deposition rate and removal rate are not constant.  Deposition rate decreases with removal 
rate being constant or for increasing removal rate.  Mass deposition increases and never 
reaches steady state as in asymptotic curve. 
3. Asymptotic rate curve – Curve obtained when deposition rate is constant while removal 
rate is directly proportional to the deposit thickness until the deposition rate equals the 
removal rate.  The fouling rate reaches a steady state with no increase in deposit thickness.  
Depending on operating conditions, steady state is reached within hours after starting the 
operation or may take several weeks.  Asymptotic fouling is most common in industrial 
applications. 
3.2.6. Factors affecting fouling 
Geometry of the heat transfer surface, construction material of heat transfer 
equipment, surface temperature, fluid velocity near the heat transfer surface, fluid 
characteristics and deposit surface interface temperature are some of the factors that affect 
fouling rates (Knudsen 1981). 
3.2.6.1 Test fluid characteristics  
Formation rates of fouling deposits depend on the concentration of the fouling material 
in the bulk fluid and at the fluid deposit interface (Kern and Seaton 1959).  Processes in the 
fluid such as mass transfer, diffusion rate and fluid conditions at points far from the heat 
transfer surface can affect the deposit formation (Somerscales and Knudsen 1981).   
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Fluid pH is an important factor to consider for particle forming reactions in the bulk 
fluid (Visser and Jeurnink 1997).  An example of particle forming reactions in bulk fluid is 
“coke” formation in hydrocarbon fuels which is transported from the bulk fluid to the heat 
transfer surface (Vranos et al 1981).  Therefore, fluid characteristics must be considered in the 
design of fouling measurement systems.  However, it is difficult to generalize the 
experimental data in determining the fouling trends due to the complexity of the fouling 
process which involves heat transfer, mass transfer, momentum transfer, chemical reactions 
and physical processes at interfaces (Parry et al 1979).  Instead of using an actual fouling 
stream, an experimental fluid with known composition can be used to carry out field 
experiments by simulating the actual conditions (Patun et al 1981). Simulated hard water was 
made by mixing calcium chloride and sodium carbonate in 2:1 ratio and used for scaling 
studies (Patun et al 1981) to report individual effects of fluid velocity, pH, concentration, 
temperature and composition on fouling tendencies. 
3.2.6.2. Fluid velocity 
Fluid velocity directly affects foulant deposition and removal rates by hydrodynamic 
effects such as shear stress at the deposit surface interface and eddy diffusion of suspended 
particles to the heat transfer surface (Kern and Seaton 1959).  Fluid velocity indirectly affects 
the mass transfer coefficient, particle ability to latch on to heat transfer surface and deposit 
strength (Bemrose and Bott 1984).  Process fluids, under laminar flow conditions, form 
deposits on the surface; turbulent flow increases deposit removal due to increased shear stress 
over the deposit surface.  Turbulent flow of process fluids avoids stagnant regions within the 
heat transfer equipment and favors less fouling but there are exceptions to this rule (Bott 
1988; Takemoto et al 1999).  Liquid jet fuel deposition rate increased with increasing flow 
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rate (Vranos et al 1981).   Increased recirculation rate decreased the fouling rate in a forced 
recirculation reboiler of a hydrocarbon distillation column (Watkinson and Epstein 1969).  A 
model was proposed to explain the correlation between overall heat transfer coefficient and 
fluid velocity (Watkinson and Epstein 1969).  Increased velocity directly increased individual 
heat transfer coefficients and fouling rates.  Induction periods increased and fouling rates 
decreased as Re increased from 440 to 880 (Wilkins et al 2006a).  Fluid velocity is an 
important parameter that determines fouling rates.  Test section geometry influences fluid 
velocity by increasing or decreasing fouling rates.  Mass transfer rates increase with 
increasing velocity; if the fouling rates are mass transfer dependent then fluid velocity greatly 
increases the fouling rates.  
3.2.6.3. Surface temperature 
Interface temperature between foulant and heat transfer surface is an important 
parameter that determines the extent of fouling (Palen and Westwater 1966).  Fouling fluid 
behavior is dependent on surface temperature, therefore, it is an important parameter to 
measure for fouling resistance calculations (Knudsen 1981).  An increase in surface 
temperature does not increase fouling of salt solutions that exhibit normal solubility, i.e., 
increase in temperature increases solubility (Hasson 1979).  At elevated temperatures, salts 
such as calcium carbonate, calcium sulfate and magnesium hydroxide show inverse solubility, 
i.e., increase in temperature decreases their solubility (Hasson 1979).  Surface temperatures 
above the inverse solubility limits of salts precipitate them from solution and causes 
precipitation fouling.    
Chemical reaction fouling is dependent on the temperature since chemical reaction 
rates are a function of temperature.  Corrosion fouling is an electrochemical reaction and also 
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depends on the temperature as corrosion products result from chemical reactions (Bott 1988).  
Biological fouling is strongly dependent on temperature.  Higher temperatures increase the 
cell growth rate which increase chemical and enzymatic reactions.   
3.3. Test section geometries  
A fouling measurement apparatus should be designed to identify the conditions that 
cause fouling and the effects of fouling deposits on heat transfer rates and on pressure drops in 
the flow system (Knudsen 1981).  However, fluctuations in operating parameters such as fluid 
viscosity, bulk temperature, fluid composition and surface temperature resulting from process 
variations make it difficult to predict actual fouling rates.  Due to this difficulty in obtaining 
good fouling data, several experimental test sections were developed.   Knudsen (1981) 
summarized the most common test section geometries, methods of heating or cooling and 
method of monitoring deposit.  Test section geometries include annulus, sphere, tube inside, 
tube outside, metallic strip, plate, wire, wire coil, shell side of shell and tube heat exchanger 
and helix (Knudsen 1981).  Methods of heating or cooling the test section include sensible 
fluid heating, condensing vapor, electrical resistance heating, indirect electric heating and 
thermo electric heating or cooling.  Fouling deposits can be measured from direct weighing, 
visual observation, microscopically, pressure drop, thermally, radioactively, chemically and 
electrolytically (Knudsen 1981).  In any fouling test section, the following experimental 
parameters must be measured to provide a basis for calculating thermal resistance: heat flux, 
flow velocity, bulk temperature of flowing fluid, interface temperature between the wall and 
deposit, and also between the deposit and bulk fluid.   
In direct electric heating, electric current is passed through the test section tube wall 
(Figure 3.5a) 
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Figure 3.5. a) Thin walled circular tube geometry, direct electric heating. b) Thick walled 
circular tube geometry, indirect electric heating. c) Thin walled circular tube geometry, 
indirect electric heating. 
(a) 
(b) 
(c) 
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Fluid flowing inside an annulus or inside a tube are the most common test geometries.  
Fouling test experiments are conducted with either heating or cooling the test fluid flowing 
through a test section.  Fouling fluid is heated either by direct or indirect electric heating.  
Electric heating provides for measuring local heat flux which permits determination of local 
heat transfer coefficients and fouling resistance.  Indirect electric heating is accomplished 
from a resistance heater located inside the tube for annular geometry or on the outside for 
circular tube geometry (Figure 3.5b).  Direct electric heating is convenient but the material of 
heat transfer surface must have high electrical resistivity and uniform wall thickness for 
constant heat flux over the surface.  Various test sections and their advantages and 
disadvantages are discussed below.    
3.3.1. Circular tube geometry 
Fouling fluid in a circular tube test section can be heated by direct or indirect electric 
heating.  The tube is usually a concentric core of an annular duct and fluid flows through the 
tube (Figure 3.5).  The concentric core is insulated to prevent heat loss to the surroundings 
and temperature sensors are mounted on the outer surface of the tube.    However, direct 
electric heated circular tube sections are limited by material of construction and also need 
large rectifiers or motor generators to accommodate high currents and low voltages.   
Indirect electric heating of test sections is accomplished by winding resistance wire on 
the outer side of a tube fitted with thermocouples and insulated to reduce heat losses to the 
environment.  There are several different types of circular tube test sections (Figure 3.5). Thin 
walled and thick walled tubes are the most common among the circular tube test sections 
(Knudsen 1981).  Deposit formation occurs inside the tube and it is necessary to destroy the 
tube and the electric heater to observe the fouling deposit.  A thick walled tube test section 
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with electric heaters clamped outside the circular tube prevents the need to destroy the heater 
to observe deposits (Figure 3.5c).  However, it does not overcome the issue of tube 
destruction and visual observation of the deposit as it forms on the tube surface.   
Very few devices were designed to study biofouling.  A transient device, similar to 
that of a thick walled tube, was developed to measure thermal resistance of fouling deposit 
specifically from biofouling of sea water (Fetkovich et al 1977).  The test section can operate 
with little or no power requirements under normal operating conditions.  However, the device 
is not suitable to handle fouling liquids with inverse solubility salts.  A novel test section was 
developed that consists of a circular tube surround by a thick walled jacket.  Test section is 
also suitable for studying biofouling of sea water operating from a remote ocean beach 
(Messenger 1977).  This unit does not require large amount of power and operates in heating 
or cooling mode.   
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Figure 3.6. Circular tube geometry, condensing vapor heating  
Maintaing constant heat flux during fouling tests could be challenging.  A circular tube 
geometry with condensing vapors as heating medium can accomplish constant heat flux 
(Knudsen 1981).  The test section is oriented vertically and consists of a circular tube with 
fouling fluid flows through while annular duct accommodates condensing vapors (Figure 3.6).  
Test fluid can flow through the test section in either upward or downward direction depending 
on the fluid sensitivity to temperatures.  It was designed that highly heat sensitive films will 
flow downwards to minimize contact with hot surfaces.  
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3.3.2. Electrically heated wires and coils 
Electrically heated wires and coils are primarily used in the petrochemical industry to 
measure fouling tendencies of hydrocarbon feedstocks (Braun and Hausler 1976).  A test 
section is usually a small, electrically heated coil with fouling fluid flows in perpendicular 
direction to the coil.  A resistance heater is used to heat the coil and the voltage is measured 
from which the temperature is determined (Knudsen 1981).  The test unit is simple to operate 
and portable but limited for heating fouling studies.  Electrically heated wire has lower surface 
temperature compared to annular probe and therefore, harsh operating conditions cannot be 
tested (Fetissoff et al 1982).  Low flow rates past the electrically heated wire limits the fouling 
tests from measuring shear stress effects on fouling deposits (Fetissoff et al 1982).  Data 
collected from this unit may not be applied to heat exchanger fouling due to high flow 
velocities (Knudsen 1981).   
3.3.3. Annular geometry  
Annular test sections are widely used for their accuracy, visual observation of deposit 
formation, and portability (Fischer et al 1975).   The test section consists of an outer tube and 
a central core equipped with a resistance heater.  The fluid flows over the central core through 
the annulus (Figure 3.7).  The heated surface is the outer wall of the central core and allows 
for visual observation of fouling growth.  A heater is fabricated with thermocouples inside the 
central core to measure wall temperatures at different locations.  An online data acquisition 
system can be coupled to the annular test section and enables the test results to be readily 
available.  Data calculations using annular test section are simple as the heating section is well 
defined with known heat flux (q/A) at the heat transfer surface, calculated from the power 
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input to the resistance heater.  Fouling tests are conducted at constant heat flux, constant bulk 
temperature and at constant velocity of fouling fluid.   
 
 
Figure 3.7. Annular test section, indirect electric heating  
Fouling resistance from deposit on heat transfer surface can be calculated from the 
following equation: 
1
U
=
(TS − Tb)
Q
A
 
Where TS and Tb are the surface and bulk fluid temperatures. To determine TS, thermocouple 
temperatures (Ttc) and thermal resistance (x/k) between the temperature sensor and heater 
surface are required.   
TS = Ttc − (
x
k⁄ )
Q
A
 
Wilson (1915) developed a method to calculate the resistance to heat transfer from 
condensing vapor to liquid depends on water velocity, mean liquid temperatures and wall 
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temperatures.  Probe thermal resistance calculated from overall heat transfer coefficient and 
fluid velocity (Wilson 1915).   
1
U
= Rw +
1
h
 
Where Rw is the thermal resistance from heater wall and h is the local heat transfer coefficient 
but, 
h ∝ vn 
Where v is the fluid velocity and n is a constant. 
From the definition of overall heat transfer coefficient (U),  
U =
Q/A
TS − Tb
 
Therefore,  
1
U
= Rw +
C
Vn
 
A Wilson plot between 1/U versus 1/Vn will give a straight line with a slope of C and 
intercept of Rw.  The average surface temperature, TS, can be calculated from the wall thermal 
resistance, RW.   
Fouling rates and fouling factors obtained from an annular test section may be 
extrapolated to a circular tube test section to compare wall shear stresses (Epstein 1978).  
Initial fouling rates and initiation periods from an annular test section may compare to actual 
heat exchanger fouling data (Fetissoff et al 1982).  Thermal resistance from fouling deposit is 
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important to monitor as the deposit properties directly relate to the conditions of the heat 
transfer surface with fouling fluid flow past the surface (Knudsen 1981).  Several test devices 
are compared (Table 3.2). 
Table 3.2. Comparison of test devices and their features. 
Feature 
Test Device 
Annular 
Tube 
Circular 
Tube 
Heated 
wire/coil 
Local heat flux ✓ ✕ ✓ 
Device can be reused after testing  ✓ ✕ ✓ 
Visual observation possible while operating ✓ ✕ ✓ 
No effect from material of construction ✓ ✕ ✓ 
No heat losses to environment ✓ ✕ ✓ 
Results extrapolated to other geometries ✓ ✕ ✕ 
Accuracy ✓ ✓ ✕ 
 
After comparing the geometries of various test sections, it is evident that the annular 
tube test section has several advantages.  Annular test section measures thermal resistance 
with great accuracy which makes it the most attractive geometry for fouling studies 
(Chenoweth 1988).  The test section proved to be accurate and data collected was extrapolated 
to heat exchangers.  Fouling deposits may be observed while they are formed without 
destroying the test device or affecting data collection.  Regular thermocouple calibration is 
required for accurate heat transfer calculations and sensitivity to fluctuations may result in 
data noise.   All the above support that annular test section is best suited for lab scale fouling 
studies in the dry grind ethanol industry.   
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3.4. Evaporation 
The process of concentrating a solution at elevated temperatures to remove volatile 
solvent and to obtain a solute enriched nonvolatile product is defined as evaporation.  An 
evaporator is a heat exchanger with accessories to separate vapors from boiling liquid.  A 
vapor may or may not be recovered depending on its value.  A volatile solvent is vaporized to 
produce a concentrated solution in the form of a slurry or thick viscous liquid.  Evaporation is 
the primary process used to recover dissolved solids from solutions (Berk 2013).  Evaporator 
capacity is determined using the heat transfer rate from heating medium to the boiling liquid 
(Berk 2013).  The heating medium usually is steam which provides heat to the boiling liquid 
film.  Evaporator efficiency depends on the heat transfer efficiency in evaporating solvent 
from boiling liquid using heat from the heating medium.   Heat transfer rate per unit area, heat 
flux, may be calculated from the equation: 
Q
A
=  U(TS − Tb) 
where U = overall heat transfer coefficient of the evaporator surface and TS, Tb are wall 
surface and bulk liquid temperatures, respectively.  Evaporator efficiency depends on the heat 
transfer rate (Q/A) which is dependent on the overall heat transfer coefficient (U) and 
temperature difference (TS - Tb) (Berk 2013).  The reciprocal of the overall heat transfer 
coefficient (1/U) is overall thermal resistance (R) which is the sum of the resistance from the 
heating medium, solid wall and boiling liquid.  Evaporator fouling adds resistance to heat 
transfer from the heating medium to the boiling liquid and increases overall thermal 
resistance.   
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3.4.1. Evaporator classification 
Liquid to vapor phase change exchangers are classified into two types: boilers and 
vaporizing exchangers (Kern 2001).  Boilers usually are coal fired whereas vaporizing 
exchangers employs indirect heat from steam.  Evaporation occurs inside evaporator tubes due 
to steam condensing outside the tube wall (Lund and Sandu 1981).  Evaporators may be 
operated in batch or continuous modes (Minton 1986).  Depending on the heating medium and 
specialized applications, evaporators are classified as natural or forced circulation 
evaporators.  In natural circulation evaporators, liquid circulation over the heat transfer 
surface is induced by boiling.  Mechanical pumps are used for liquid circulation in forced 
circulation evaporators.  Boiling may not necessarily occur on heat transfer surface in forced 
circulation evaporators.  Natural circulation evaporators are used for applications where the 
products formed have lower viscosity (less than 100 cP), are thermally stable and have 
nonscale forming liquids.  Horizontal, calandria short tube and vertical long tube evaporators 
fall into this category.  Short tube evaporators are rarely used today except for boiler 
feedwater preparation.  Short tube evaporators are 1.2 to 3 m long with tube diameters ranging 
between 0.05 to 0.08 m.  Tubes in long tube evaporators are 5 to 9 m long and concentrating 
fluid residence time are only few seconds.  
3.4.1.1. Long tube evaporators 
Essential parts of long tube evaporators are the tubular exchanger, vapor separator and 
circulation unit.  These evaporators are configured as either circulation or once through units 
(Lund and Sandu 1981).  Once through evaporators are suitable for heat sensitive materials 
because the input liquor passes through only once with vapor separated in the vapor separator 
and concentrated liquor leaves from the bottom.  Circulation units hold a fraction of the input 
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which mixes with the incoming input liquor as the mixture passes through the evaporation 
tubes.  Fluid flows in the form of a thin film on the walls of a heated vertical tube.   
 
Figure 3.8. Long tube evaporators: (a) rising film; (b) falling film 
Liquid film could be a falling film or a rising film and evaporation occurs at the tube 
walls (Figure 3.8).  Falling film evaporators are more energy efficient compared to other 
evaporator types because of high heat transfer rates (Van Nostrand et al 1981) which are 
achieved by evaporation from the highly turbulent film instead of the tube surface.  Falling 
film evaporators can handle high capacities of fluid flow but are suitable for low viscosity 
solutions and materials that are heat sensitive (Carey 1992).   Long tube vertical evaporators 
are large units but have lower operating costs and occupy smaller amounts of floor space than 
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other evaporator types such as short tube evaporators.  They are not suitable for scaling fluids.  
However, long tube evaporators are less sensitive to fluctuations in operating conditions at 
elevated temperatures.  Falling film evaporators are widely used in corn dry grind ethanol 
plants due to their ability to handle heat sensitive materials such as thin stillage.  They are 
well suited for thin stillage concentration because of their shorter residence times, larger 
evaporator loads and can process foaming and viscous liquids when compared to other types 
of evaporators.   
3.4.1.2. Forced circulation evaporators 
Forced circulation evaporators are suitable for fluids that rapidly foul heat transfer 
surfaces (Minton 1986).  Liquid is circulated through the evaporator by pumping through a 
heating element (Figure 3.9).  Forced circulation evaporators are more expensive to operate 
than natural circulation evaporators due to the energy costs associated with pumping liquids.  
Forced circulation evaporators are best used with viscous liquids, corrosive and crystalline 
products.  They provide for decreased scaling and fouling of evaporators surfaces due to high 
shear generated from turbulent fluid flow.  However, wide application of forced circulation 
evaporators is limited by additional energy and operating costs.  
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Figure 3.9. Forced circulation evaporator 
3.4.1.3. Agitated film evaporators 
Very viscous materials that exceed 1000 cP are concentrated in agitated thin film 
evaporators (Kern 2001).  In this type of evaporator, a layer of viscous liquid is spread over 
the heating surface mechanically and a scraping element sweeps the evaporator surface to 
produce products.  Agitated film evaporators are similar to forced circulation evaporators with 
suppressed liquid boiling and have low liquid residence times.   Short residence time in the 
heating zone, high heat transfer coefficients from fluid turbulence induced by rotor and high 
product recovery are advantages of an agitated thin film evaporator (Minton 1986).  Agitated 
film evaporators find applications such as in concentration of food and pharmaceuticals, 
 38 
 
purification of sensitive organic chemicals and valuable coproduct recovery from process 
streams.  However, high operating costs prohibit their use for batch operations and poor 
energy recovery is also a limitation.   
3.4.2. Falling film evaporators in the food processing industry 
Falling film evaporators are used extensively to process heat sensitive liquids in the 
food processing industry.  In falling film evaporators, fluid enters at the top of the vessel and 
distributed evenly to flow down through all the tubes as a film.  Vapor, condensate and 
concentrate leaves at the bottom (Figure 3.8b).  Liquid flows under the force of gravity in the 
form of a thin film.  Due to film flow and continuous operation, liquid content in a falling film 
evaporator usually is small and therefore, the residence time is short which makes it a logical 
choice to treat heat sensitive liquids. To handle foaming liquids, it is required to keep the total 
volume in an evaporator to the minimum which can be attained in a falling film evaporator. 
For proper functioning of falling film evaporators, input liquid temperature must be 
nearly the same or slightly higher than the boiling temperature in the evaporator.  Fulfilling 
this condition helps to utilize the evaporator heating surface effectively.  If the temperature of 
the input liquid is lower than the boiling temperature, there will be no evaporation but only 
preheating the liquid.  However, heating the input above boiling temperature is advantageous 
as the liquid boils immediately upon entering the heating tubes.  Therefore, a falling film 
evaporator is usually provided with a preheater after the first effect and at all effects because 
the boiling temperature drops after each effect  A preheater is simply a tubular coil, heated by 
vapors from boiler exhaust, through which the input liquid passes before entering a falling 
film evaporator.   
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3.4.3. Multiple effect evaporators   
In multiple effect evaporators, the input is partially evaporated in the first effect and 
concentrate transferred to other effects to achieve the desired product concentration. If the 
input stream and the vapor enter at the same point and flow in same direction, it is called a 
forward feed configuration.  In backward feed, the vapor and input flow in opposite direction; 
input is introduced in the last effect and product is withdrawn at the first effect.  There are 
other patterns of fluid flow that are not very common: mixed and parallel feed.  The basis for 
selecting forward or backward feed depends on the input stream properties, for example, 
viscous liquids are typically fed in the opposite direction as that of vapor to prevent product 
damage or fouling of evaporator surfaces.  It is necessary to prevent the coldest effect contact 
the most concentrated product and allows for vapors at high temperature to contact 
concentrated product (Minton 1986).  Liquid concentration increases from one effect to 
another effect and final product is withdrawn from the last effect.  Backward feed is used 
when the input is cold and final product is viscous.   
The reciprocal of the number of effects gives the theoretical specific steam 
consumption.  For example, theoretical steam consumption is 100% with only one effect, 50% 
with two effects and with four effects it is 25%.  With lower steam consumption, cooling 
water consumption will be decreased proportionately. To reduce steam consumption, two 
methods are commonly used in food industry: steam jet vapor recompressors and multiple 
effect operation.  In general, vapor recompression and multiple effect operation are used 
simultaneously in processing plants.  With a steam jet vapor recompressor, the vapors from 
one effect are compressed into steam to be used for heating in the next effect.  Intermediate 
vapor compression allows for smaller temperature difference between the heating steam and 
 40 
 
boiling liquid.  Smaller temperature differences imply smaller pressure differences which 
results in larger amount of vapors that can be compressed into heating steam for each kg of 
fresh steam.  In modern falling film evaporators, the temperature difference is about 8°C.  
Smaller temperature differences are of importance especially in bulk mass products such as 
sugar refineries.  Higher operating efficiency and smaller specific heat consumption can be 
attained with smaller temperature differences. In a multiple effect operation, temperature 
difference between the heating steam and boiling liquid plays an important role in deciding 
the number of effects.  Small temperature differences require greater number of effects with in 
a given temperature range.   
Carbohydrate, protein and lipid composition in thin stillage makes it heat sensitive and 
large quantities produced during ethanol production requires faster processing.  Shorter 
residence times and larger throughput compared to other types of evaporators makes falling 
film evaporators ideal in corn processing industries. Falling film evaporators used in multiple 
effect configurations are very effective in concentrating thin stillage to condensed distillers 
solubles or syrup. 
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4. Fouling characteristics of model thin stillage prepared from 
ungelatinized starch and sucrose 
4.1. Introduction 
Heat transfer equipment fouling is a major problem in many processes and several 
mechanisms act alone or in parallel to cause fouling (Epstein 1983).  Few researchers have 
studied thin stillage fouling using an annular fouling probe (Arora et al 2010; Singh et al 
1999; Wilkins et al 2006a; Wilkins et al 2006b).  Interpreting results from earlier fouling 
experiments were difficult for the following reasons:  
a) Thin stillage is a complex process stream.  It consists of carbohydrates, protein, lipid, 
fiber and minerals.   
b) Whole stillage centrifugation was not a well controlled process.  Therefore, thin 
stillage composition and their solids content change.   
c) Unless a well defined fluid in terms of composition is used to explain thin stillage 
fouling, interpreting fouling experimental results will be difficult.  
Fouling tendencies of model thin stillage components are yet to be investigated.  Model 
solutions have been to study heat transfer equipment fouling in dairy and petrochemical 
industries.  To study chemical reaction fouling, model solutions such as styrene in kerosene 
were used to study complex chemistry of real process streams and their fouling tendencies 
(Palen and Westwater 1966).  In dairy industry, fouling studies carried out using model milk 
solutions to determine the fouling rates of individual components of milk.  Anecdotal 
information from ethanol producers suggest that evaporator fouling during thin stillage 
concentration was primarily caused by carbohydrates.  Despite the importance of evaporator 
efficiency, there are no published data to support carbohydrate fouling in thin stillage 
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evaporators.  It thus appeared that some study on carbohydrate mixture fouling may be useful.  
Starch and sucrose were chosen because starch is insoluble in water whereas sucrose is 
soluble at temperatures below 63°C.  The objective of this study was to investigate fouling 
characteristics of model carbohydrate mixtures prepared from starch and sucrose at 
temperatures below starch gelatinization (< 63°C).    
4.2. Test apparatus and materials 
An annular fouling apparatus (Heat Transfer Research, College Station, TX) was used 
for carbohydrate mixture fouling studies.  The same fouling apparatus was used by Singh et al 
(1999), Agbisit et al (2003) and Wilkins et al (2006a, 2006b).  The annular probe and housing 
was constructed of stainless steel (SS 316).  The annular probe consisted of a resistance heater 
to heat the probe surface and four Type E thermocouples to monitor inner surface 
temperatures at four different locations (Figure 3.7).  Heating section on the probe was 102 
mm long and power was supplied from an external power source.  As deposit forms on the 
outer probe surface, the temperature at the inner walls of probe surface increases.  Average 
surface temperature (Tw) was calculated from temperatures recorded by three thermocouples. 
The fourth thermocouple was used to shut off power supply when the probe temperature was 
more than 175°C.   
A wattmeter (PC5-110D, Ohio Semitronics, Hilliard, OH) was used to measure the 
power (Q) supplied to the resistance heater.  The area (0.0034 m2) of the heating section of the 
rod was calculated from the outside diameter of the rod and the length of the heating section.  
Temperatures on the probe surface were recorded using a data logger (RDXL-122D, Omega 
Engineering, Stamford, CT) and stored on a compact flash drive.  Probe surface temperature 
data were retrieved from .DLO format on to an Excel spreadsheet using a data logging 
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software (D-TOOL) provided by Omega Engineering (Stamford, CT).  Heat transfer 
coefficients were calculated from the increased temperatures.  Thermal resistance (x/k) from 
probe was calculated using a graphical method developed by Wilson (1915).  The x/k values 
of three thermocouples were 0.061, 0.091 and 0.10 m2·K/kW.  Annular probe theory and 
fouling resistance calculation from surface temperatures and bulk fluid temperature was 
discussed in Section 3.3.3.   
Corn starch (STA) and sucrose (SUC) were purchased from a local grocery store.  
STA and SUC were not characterized but assumed to be 100% pure.  Test mixtures were 
prepared by mixing STA and SUC at varying ratio in tap water.  Test mixtures were used as 
prepared without any delay.        
4.3. Test procedures and conditions 
A 50 L batch was prepared for each treatment with varying STA and SUC.  Re was 
maintained at 4500 for mixtures with 1% total solids; for mixtures with total solids ranging 
from 1 to 5%, Re = 500 to 4500.  Fluid flow rate was 15.1 Lpm and bulk temperature was 
maintained at Tb = 50 ± 2°C by circulating the test fluid through a shell and tube heat 
exchanger (1.5 m, Graver Technologies, Glasgow, DE) which used tap water as heating fluid.  
A positive displacement pump (Waukesha Foundry Co. Waukesha, WI) with a 4.5 kW drive 
(US Electrical Motors, Los Angeles, CA) was used to attain a flow rate 15.1 Lmin-1. Data 
collection began after the probe surface temperature was adjusted to 100°C by turning on the 
power (410 ± 10 W).  Testing was ended when the probe surface reached the set temperature 
175°C or at the end of 10 h.   
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Two blank tests with tap water as test fluid were conducted for 10 h to evaluate the 
fouling effects from tap water.  No fouling on probe surface was observed for both the tests.  
Test mixtures were prepared with varying ratio of STA and SUC (Table 4.1).  
Table 4.1. Treatments in carbohydrate fouling tests. 
Treatment Mixture ratio Total solids (% w/w) 
STA N/A 
1 
3 
5 
SUC N/A 
1 
10 
STA:SUC 
1:9 
1 
3:7 
7:3 
9:1 
0:10 
10 
1:9 
3:7 
5:5 
STA = starch. SUC = sucrose.  
4.4. Results and discussion 
4.4.1. Fouling resistance of model thin stillage prepared from ungelatinized starch 
Figure 4.1 shows the fouling resistance-time data of pure starch mixtures at various 
concentrations (1, 3 and 5% total solids).  For 1% starch mixture, the fouling rate increased 
markedly as soon as the probe surface temperature reached 100°C.  Fouling rate was rapid and 
linear at the beginning of test, i.e., at t = 0 min due to rapid increase in probe surface 
temperature with deposit formation and no removal.  But the linear rate transitioned to 
asymptotic rate and also deposit started to fall off the probe surface which resulted in a 
gradual increase in probe surface temperature.  
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Figure 4.1. Effects of starch on fouling resistance (1 observation).  Model thin stillage 
treatments were composed of starch (1, 3, 5% total solids).  Bulk temperature 50 ± 2°C.   
For 3% starch mixture, fouling rate was rapid at the beginning (t = 0 min) but the 
fouling resistance started to decrease and remained constant before the probe surface 
temperature reached maximum set temperature 170°C.  At 5% starch concentration in test 
mixture, fouling rate was expected to increase with starch concentration and reached the 
maximum probe surface temperature.  Time taken for 3 and 5% starch mixtures to reach 
170°C was approximately half the time taken for 1% starch mixture.  However, it was unclear 
that the fouling resistance of 3% starch mixture was lower than 1% starch even though the 
former fouled the probe faster and reached 170°C.   
At 50°C bulk temperature, starch is ungelatinized and insoluble in water.  Linear 
fouling rate changed to accelerated fouling whenever there was precipitation of insoluble 
particles in bulk fluid (Wilson and Watkinson 1996).  Starch fouling rates were initially linear 
with accelerated fouling but changed to asymptotic fouling rate with time.  Higher 
concentrations of starch in bulk fluid rapidly fouled the probe and reached the maximum 
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probe temperature even before the transition occurred from rapid to asymptotic fouling.  The 
fouling pattern suggests that insoluble starch was considered to be a particulate matter which 
caused particulate fouling, involving transport of insoluble starch particles from the bulk fluid 
to the probe surface, adhesion at the surface and subsequent ageing of the foulant.  Since the 
cohesion forces between the starch molecules are too weak to support the deposit growth, 
deposit was constantly being removed resulting in asymptotic fouling rates.        
4.4.2. Effect of ungelatinized starch and sucrose ratio on model thin stillage fouling 
resistance 
4.4.2.1. Effect of sucrose on fouling resistance 
 
Figure 4.2. Effects of sucrose on fouling resistance (1 observation).  Model thin stillage 
treatments were composed of sucrose (1 and 10% total solids). Bulk temperature 50 ± 2°C.     
Fouling experiments were performed using model thin stillage model mixture prepared 
from 1% and 10% sucrose in tap water.  Both the mixtures had induction periods longer than 
10 h (Fig. 4.2).  But the clean overall heat transfer coefficients of 1% and 10% SUC mixtures 
were different.  SUC mixture with 10% solids content had higher overall heat transfer 
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coefficient (3.53 kW/m2·K) compared to 1% SUC mixture (3.37 kW/m2·K).  The reason may 
be the higher viscosity of 10% SUC mixture compared to 1% SUC mixture.   
4.4.2.2. Ungelatinized starch and sucrose mixture fouling at 1% total solids 
Test with 1% total solids and 9:1 STA:SUC ratio did not follow the increasing trend in 
fouling rates with higher starch ratio (Fig. 4.3).  There was unusual noise in data collection for 
9:1 STA:SUC mixture.  As the starch concentration increased from 1:9 to 7:3, fouling rates 
increased.  Fouling rates of mixtures increased with starch concentration which indicates that 
starch is a potent fouling constituent compared to sucrose which did not foul the probe at 10% 
total solids concentration (Fig. 4.2).   
 
Figure 4.3. Effects of starch and sucrose (STA:SUC) on fouling resistance at 1% total solids 
in model thin stillage (1 observation). Bulk temperature 50 ± 2°C.    
Foreign particles in fluids promote nucleation sites on probe surface and cause bubble 
formation (Carey 1992).  If the bubble formation was from sucrose then higher concentrations 
of sucrose may have caused fouling but at 10% solids concentration, sucrose did not cause 
fouling (Fig. 4.2).  Treatments with increasing starch concentration (STA:SUC) from 1:9 to 
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7:3 increased mixture fouling resistance.  Starch has more potential to foul the heat transfer 
surface compared to sucrose.  Higher viscosity of starch mixture also explains the ability to 
form nucleation sites on probe surface.   Nucleation sites causes bubble formation on probe 
surface and may resulted in initial rapid fouling of starch mixtures.   The heat transfer 
coefficient initially drops rapidly from the clean overall heat transfer coefficient values and 
slowly levels with time (Fig. 4.4).  Test mixture with 1:9 STA:SUC (1% total solids) had 
higher heat transfer coefficient and the drop was gradual compared to test mixtures with 
starch concentration, i.e., 3:7, 5:5 and 7:3.  Higher starch concentration in test mixture 
lowered the heat transfer coefficient (Fig. 4.4).   
  
Figure 4.4. Effects of starch and sucrose (STA:SUC) concentration in model thin stillage (1% 
total solids) on heat transfer coefficient.   
4.4.2.3. Ungelatinized starch and sucrose mixture fouling at 10% total solids 
For fouling tests conducted at 10% total solids (Fig. 4.5), sucrose alone did not foul 
the probe.  Test mixture with 1:9 STA:SUC fouled the probe and surface temperature reached 
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170°C before 10 h and the time required to reach 170°C decreased with increase in starch 
concentration in test mixtures.  Test mixture with 3:7 STA:SUC ratio required approximately 
half the time to reach 170°C compared to 1:9 STA:SUC mixture.  
 
Figure 4.5. Effects of starch and sucrose (STA:SUC) concentration in model thin stillage 
(10% total solids) on heat transfer coefficient.   
4.5. Conclusions  
The results of the ungelatinized starch and sucrose effects studies show that the longer 
polymer, starch, had an impact on accelerating fouling.  With increase in starch concentration 
in mixtures, fouling resistances increased but the time required to reach the maximum probe 
surface temperature decreased.  Starch mixture had rapid initial fouling but there was no 
induction period.  Simple carbohydrate such as sucrose had little effect on fouling.  Sucrose 
mixtures had induction periods longer than 10 h and increase in solid concentration had little 
effect on fouling resistances.  A combination of ungelatinized starch and sucrose resulted in 
decreased fouling but runs at higher bulk temperatures will be needed to determine the true 
effects of mixture composition on fouling.    
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5. Fouling characteristics of model carbohydrate mixtures and their 
interaction effects 
5.1. Introduction  
Fouling is the result of deposit formation on a heat transfer surface that increases 
resistance to heat transfer and fluid flow (Taborek et al 1972).  Fouling deposits are thermally 
insulating and decrease the heat transfer efficiency of processing equipment such as 
evaporators.  Fouling and cleaning related losses include cleaning chemicals, reduced 
productivity due to plant shut downs, maintenance and operating costs, and capital costs from 
oversized heat transfer equipment to accommodate fouling.  Evaporation is one of the key unit 
operations used to remove water in the food industry.  During evaporation, components in the 
bulk fluid form deposits on evaporator surfaces. The rate of deposit formation depends on 
many variables, including bulk fluid temperature, flow velocity and stream composition.   
Fouling of evaporators is a chronic problem during maize starch and ethanol production.  In 
the US, more than 200 plants use multiple effect evaporators to remove water from the thin 
stillage and steepwater processing streams from dry grind and wet milling processes, 
respectively.   
In the maize ethanol industry, evaporator fouling is encountered during thin stillage 
concentration to condensed distillers solubles. Thin stillage fouling is caused by the deposition 
of proteins, fat, ash, fiber and carbohydrates on evaporator surfaces during ethanol production 
using the dry grind process.   Fouling decreases evaporator efficiency, increases steam 
consumption and, therefore, increases ethanol production costs.  Despite the well known 
issues, fundamental causes of increased fouling in maize processing are not well understood.  
One liter of ethanol produced by the dry grind process can generate up to 5 to 6 L of whole 
stillage (Rasmussen et al 2014); upon centrifugation, whole stillage is separated into thin 
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stillage and wet grains.  In the US, fuel ethanol production from corn increased from 34.1 
billion liters (9 billion gallons) in 2008 to 50.3 billion liters (13.3 billion gallons) in 2012 
(RFA 2013).   
One fouling mitigation strategy not requiring capital investment is to delay fouling by 
maintaining optimal processing conditions.  There is limited research on evaporator fouling 
caused by thin stillage.  Although earlier studies on thin stillage fouling reported composition, 
induction period, fouling resistance and fouling rates (Arora et al 2010; Singh et al 1999; 
Wilkins et al 2006a; Wilkins et al 2006b), it is unknown whether protein, fiber, lipid, 
carbohydrates or a combination accelerate evaporator fouling.  Singh et al (1999) reported 
fouling rates of thin stillage from dry grind and distillers solubles from wet milling.   
Data available from thin stillage fouling studies were generated at bulk fluid temperatures of 
40 to 60°C (Arora et al 2010; Singh et al 1999; Wilkins et al 2006a; Wilkins et al 2006b) 
which are lower than operating temperatures (75°C) in a typical dry grind plant evaporator.   
 Thin stillage composition, as reported in literature, varies with corn variety and 
operating conditions at dry grind facilities (Belyea et al 2004).  Process streams are biological 
in origin, are perishable and have variable compositions.  In the dry grind process, starch is 
hydrolyzed to dextrin and then to glucose before fermentation to ethanol.  Residual sugars 
from fermentable and unfermentable starch components in thin stillage may increase 
evaporator fouling.  The possibility exists that starch hydrolysis was incomplete and 
carbohydrate in thin stillage remains as starch, dextrin or glucose and may affect thin stillage 
fouling rates.  The extent of hydrolysis is expressed in terms of the dextrose equivalent (DE), 
a measure of total reducing power of sugars present in a carbohydrate mixture on dry basis 
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relative to a dextrose (glucose) standard.  Degree of polymerization (DP) is an indicator of the 
degree of hydrolysis and is inversely proportional to DE.   
Earlier work with starch and sucrose showed increased starch content had larger 
effects on fouling than sucrose alone (Rausch et al 2013).  Same authors also found that 
ungelatinized starch in model thin stillage causes heat transfer fouling.  It is unknown whether 
gelatinized starch alters fouling characteristics of starch mixtures.  With continued heating, a 
starch granule swells many times from its original volume, loses crystallinity and solubilizes 
amylose polymers (Morris 1990).  Starch is a mixture of two polysaccharides, amylose and 
amylopectin.  Amylose is a linear polymer whereas amylopectin is a branched molecule.  In 
both polymers, glucose is the building block.  In amylose molecule, about 99% of glucose 
units are linked by α-1,4 bonds and few by α-1,6 bonds (< 1%).  The amylopectin polymer has 
at least 95% of glucose molecules linked by α-1,4 bonds and 5% by α-1,6 bonds.  Regular 
maize starch contains 20 to 30% amylose and 70 to 80% amylopectin. However, there are 
other corn varieties that contain various amylose/amylopectin ratios.   
Waxy maize starch primarily contains amylopectin (> 95%) and less than 5% amylose; 
high amylose maize starch contains > 35% amylose (Tester et al 2004).  Starch gelatinization 
temperature alters with amylose/amylopectin ratio; high amylose starches had higher 
gelatinization temperatures (Shi et al 1998).  It has been shown that amylose content 
influences starch thermodynamic parameters and functional properties (Jenkins and Donald 
1995; Sievert and Würsch 1993).  However, there is no evidence that amylopectin gets 
released into slurry even above 100°C.  Since maize starch is composed of varying amylose 
and amylopectin contents, it is possible that heat transfer fouling is influenced by starch 
variety.   The objectives of this study were to 1) investigate the fouling characteristics of 
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carbohydrate mixtures (starch, corn syrup solids and glucose) and 2) study the fouling 
tendencies of high amylose and waxy starch and their interactions with glucose.    
5.2. Carbohydrate mixtures preparation and test procedures 
5.2.1. Carbohydrate mixtures 
Regular yellow dent maize starch (STA) and glucose (GLU) samples were obtained 
from Tate & Lyle (Decatur, IL, USA).  Corn syrup solids (CSS) were obtained from Grain 
Processing Corporation (Muscatine, IA, USA).  Typical dextrose equivalent (DE) of starch is 
zero and that of glucose is 100.  DE of CSS is 20 or higher.  Glucose (DP1), maltose (DP2), 
DP3 and DP4+ were measured using standard HPLC methods.  Starch was assumed to have 
100% w/w DP4+ (Table 5.1).  
Table 5.1. Carbohydrate composition (% w/w). 
Material Glucose Maltose DP3 DP4+ 
Glucose 99.7 0.3 - - 
Corn syrup solids 3.0 9.0 11 77 
 
5.2.1.1. High amylose and amylopectin starches 
Commercially available high amylose and waxy corn starches were used for the study. 
Waxy corn starch was food grade and mostly contained amylopectin (93%).  Amylose starch 
contained a maximum of 70% amylose.  Table 5.2 lists the characterization of waxy and high 
amylose starches provided by the manufacturers. 
Table 5.2. Amylose and amylopectin contents of maize starches. 
Starch source Water content (%) Amylopectin content (%) Amylose content (%) 
Waxy 10 93 - 
High Amylose 11 30 70 
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5.2.2. Description of treatments 
Total solids contents of mixtures were maintained at 7%, except pure starch mixtures 
(1%), since thin stillage concentration is typically 7% before evaporation.  Tap water was 
used to prepare test mixtures for all experiments.  Two blank tests were conducted for 5 h 
using tap water as test fluid without any added carbohydrate mixtures; fouling was not 
detected.  Therefore, it was considered that tap water used in this work did not contribute to 
fouling.  Carbohydrate mixtures were prepared by mixing starch, corn syrup solids, glucose or 
a combination in tap water to form 7% total solids.  A 7 L batch was prepared for each 
treatment with varying starch (1% STA), corn syrup solids (7% CSS) and glucose (7% GLU).  
Higher levels (3 and 5% TS) of starch in model thin stillage rapidly fouled the probe surface 
(Rausch et al 2013) and therefore were not used.  Viscosities of test mixtures was measured 
with viscometer (model HBDVE, Brookfield Engineering Laboratories, Middleboro, MA) and 
average values are reported (Table 5.3).   
Table 5.3. Treatments in carbohydrate fouling tests. 
Treatment Mixture ratio Total solids          
(% w/w) 
Viscosity (cP) 
STA N/A 1 9.6 
CSS N/A 7 8.8 
GLU N/A 7 8.8 
STA:CSS 1:6 7 12.8 
STA:GLU 1:6 7 11.2 
CSS:GLU 3.5:3.5 7 9.6 
STA:CSS:GLU 1:3:3 7 12.8 
STA = starch; CSS = corn syrup solids; GLU = glucose; N/A = not applicable.  
 Treatments were arranged in a randomized complete block design and each test was 
performed at least once (Table 5.3).  After adjusting the test mixture flow velocity, electric 
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heating was switched on to heat the mixture to desired bulk temperature.  After reaching 
constant bulk temperature, the probe power supply was turned on and the thermostat adjusted 
to attain the desired probe surface temperature.  During testing, heat flux and the bulk fluid 
temperature were kept constant.  Experiments were conducted with constant bulk fluid 
temperature (Tb = 75 ± 2°C), probe surface temperature (120 ± 2°C), power input 
(410 ± 10 W) and Reynolds number (460 ± 10).  Fluid flow velocity varied between 0.32 to 
0.45 m/s.  Each test was terminated when t = 5 h.   
Statistical analyses were performed using statistical software (v.9.4, SAS Institute, 
Cary, NC, USA) with a significance level of p < 0.05.  Fouling rate was determined as the 
slope of the regression line (Rf vs t) from t = 0 until the point to point change decreased more 
than 90% from the previous point.  Induction period was the time from the beginning of the 
test (t = 0) until Rf was greater than 0.05 m
2·K/kW. Maximum fouling resistance was the 
maximum Rf value observed during the 5 h test period.  Maximum fouling resistance and 
fouling rates of carbohydrate mixtures were compared using one way ANOVA with the least 
significant difference method. Interaction effects of carbohydrate mixtures were determined 
using a two way ANOVA with contrasts method.  Test apparatus specifications were 
described in Appendix A.1.  
5.3. Results and discussion 
5.3.1. Fouling effects of pure carbohydrate mixtures 
Mixtures with either 7% GLU or 7% CSS had induction periods longer than 5 h (Fig. 
5.1b and 5.1c).  For carbohydrates mixtures, fouling was accelerated significantly with the 
presence of starch (Table 5.4).   
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Figure 5.1. Individual effects (two replicates) of STA, GLU and CSS on fouling resistance in 
model thin stillage streams. (a) 1% STA, (b) 7% GLU and (c) 7% CSS.  
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Table 5.4. Mean fouling rates and maximum fouling resistances of pure carbohydrate 
mixtures*. 
Carbohydrate Induction 
period 
(h) 
Clean overall 
heat transfer 
coefficient, 
U₀  
(kW/ m2 K) 
Maximum 
fouling 
resistance 
(m2K/kW) 
Mean 
fouling rate  
(m2K/kW h) 
Coefficient 
of variance 
(%) 
Starch (1% TS) <1 min 2.45c 0.41a 0.54a 15.4 
Corn syrup solids 
(7% TS) 
5.0† 3.07a 0.024b 0.00184b 5.9 
Glucose (7% TS) 5.0† 2.65b 0.005b <0.00001 5.1 
Means followed by the same letter in the same column are not different (P < 0.05).  
*Mean values of two replicates.   
†Induction period longer than 5 h test period. 
Starch had a lower clean overall heat transfer coefficient compared to 7% GLU and 
7% CSS.  However, higher viscosity of starch did not appear to contribute to its lower clean 
overall heat transfer coefficient (U₀) because 7% GLU and 7% CSS had similar viscosities but 
their U₀ were significantly different. There may be other factors (e.g., thermal conductivity) 
that have influenced the fouling rates of GLU and CSS. Mean fouling rate coefficient of 
variance (CV) values for glucose and corn syrup solids mixtures were in agreement with 
earlier literature (Agbisit et al 2003; Wilkins et al 2006a).  However, starch mixture CV was 
15.4% and higher than the values reported.  When power was applied to the annular probe 
with 1% STA, Rf increased rapidly to a maximum of 0.41 m
2·K/kW (Table 5.4).   
No induction period was observed (Fig 5.1a).  Subsequent fouling resistances 
decreased, indicating deposit removal from the probe surface, followed by asymptotic 
behavior.  Rausch et al (2013) reported asymptotic fouling rates for 1% starch mixtures at 
bulk temperatures of 50 ± 2°C and initial probe surface temperatures of 100 ± 2°C.  At higher 
probe surface temperature (120 ± 2°C) and higher bulk fluid temperature (75 ± 2°C) 1% STA 
rapidly caused fouling (Fig. 5.1a).   
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5.3.2. Interaction effects of carbohydrate mixtures 
Carbohydrate mixtures prepared from STA, GLU and CSS had fouling trends different 
from pure carbohydrate mixtures, i.e., 1% STA, 7% GLU and 7% CSS.  Clean overall heat 
transfer coefficient was higher for CSS:GLU mixture compared to other carbohydrate 
mixtures.  Mixtures containing starch as one of the components had higher viscosities and 
lower clean overall heat transfer coefficients.  Lower viscosity of CSS:GLU mixture may 
have contributed for higher U₀.  
Fouling rate CV varied between 1.01 and 5.04%, which was similar to the CV values 
observed by Wilkins et al (2006a).  Added glucose or corn syrup solids decreased the starch 
fouling rates (Table 5.5).   
Table 5.5. Clean overall heat transfer coefficients, maximum fouling resistances, fouling rates 
and induction periods of carbohydrate mixtures at 7% TS*. 
Carbohydrate 
mixture 
Mixture 
ratio 
(w:w) 
Clean 
overall heat 
transfer 
coefficient, 
U₀  
(kW/ m2 K) 
Induction 
period 
(h) 
Maximum 
fouling 
resistance  
(m2K/kW) 
Mean 
fouling 
rate  
(m2K/ 
kW h) 
COV 
(%) 
STA:GLU  1:6 2.53a 1.0a 0.29a 0.081ab 3.44 
STA:CSS  1:6 2.53a 0.1b 0.31a 0.087a 3.65 
CSS:GLU  3.5:3.5 2.78b 5.0b† 0.01b 0.005c 1.01 
STA:CSS:GLU  1:3:3 2.57a 0.1b 0.27a 0.075ab 5.04 
Means followed by the same letter in a column are not significantly different (P < 0.05).  
*Mean values of two tests.   
†Induction period longer than 5 h test period. COV = coefficient of variance. 
 Asymptotic fouling rates following the initial rapid fouling rates were observed for 
mixtures that had starch as one of the components; induction periods varied with mixture 
composition (Fig. 5.2).  The 1:6 STA:GLU mixture had an induction period of 1 h followed 
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by a rapid increase in Rf after the induction period.  For the 1:6 STA:CSS mixture, no 
induction period was observed; rapid initial fouling occurred producing maximum Rf of 0.31 
m2·K/kW (Table 5.5). The test mixture with starch, corn syrup solids and glucose (1:3:3) had 
a shorter induction period of 0.1 h.   
  
Figure 5.2. Effects (two replicates) of carbohydrate mixture composition on fouling 
resistance. (a) 1% STA+6% GLU, (b) 1% STA+6% CSS, (c) 1% STA+3% GLU+3% CSS 
and (d) 3.5% GLU+3.5% CSS.  
 
Fouling rate of STA:CSS mixture was 0.087 m2 K/kW h and higher than STA:GLU 
and STA:CSS:GLU mixtures (Table 5.5).  This implies that addition of glucose mitigated 
fouling of 1% starch.  As the DP of starch is higher than corn syrup solids and glucose, the 
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data are indicative that higher DP starch fouled the heat transfer surface more rapidly in 
combination with CCS compared to GLU.  Equal proportions of glucose and corn syrup solids 
added to 1% starch mixture (STA:GLU:CSS) had a maximum fouling resistance similar to 
STA:CSS mixture but lower than STA:GLU mixture (Table 5.5).  Mixtures that fouled the 
probe surface eventually reached asymptotic fouling rates but with higher of longer polymers 
(STA and CSS) it took less time to reach asymptotic rates (Fig. 5.2).    
5.3.3. Fouling effects of high amylose and waxy starches  
Fouling curves of high amylose and waxy starches (Fig. 5.3) showed that induction 
periods and fouling resistances varied with starch variety.  
 
Figure 5.3. Individual effects (two replicates) of high amylose and waxy corn starches on 
fouling resistances. (a) 1% waxy and (b) 1% high amylose. 
High amylose starch had shorter average induction period when compared to waxy 
starch.  However, high amylose starches had lower mean fouling rates when compared to 
waxy starches.  At the beginning, there was a linear increase in fouling resistance for high 
amylose and waxy starches which demonstrated deposit formation but no solids were 
removed from probe surface.  
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Maximum fouling resistance (Rf) for waxy starch was 0.59 m
2·K/kW and 0.19 
m2·K/kW for high amylose starch.  The waxy starch fouling resistance curve had maximum Rf 
value followed by a downward trend with small oscillations, indicating deposit attachment 
and removal processes (Fig 5.3a).  Rf remained constant for high amylose starch after the 
initial increase in Rf which was reflected in an asymptotic curve (Fig 5.3b).   
Initial decreases to Rf < 0 were attributed to an increase in solid-liquid heat transfer 
coefficients and caused from disturbance in thermal boundary layer, which have been reported 
by others (Wilson and Watkinson 1996).  Fouling rate CV varied 0.53 and 6.34% within the 
range of CV observed by Wilkins et al (2006a) (Table 5.6).  However, glucose addition to 
starch mixtures had a bigger range of CV 4.81 to 20%.     
Table 5.6. Maximum fouling resistances, mean fouling rates and induction periods of waxy 
(AP), high amylose (AM) starch and glucose (GLU) mixtures*. 
Starch mixture Clean overall 
heat transfer 
coefficient, U₀ 
(kW/ m2·K) 
Induction 
period 
(h) 
Maximum 
fouling 
resistance  
(m2·K/kW) 
Mean 
fouling 
rate  
(m2·K/kW 
h) 
Coefficient 
of variance 
(%) 
1% AM  2.95 0.5a 0.19a 0.14a 6.34 
1% AP 2.43 1.1b 0.59b 0.055b 0.53 
1%AM+6%GLU  2.78 5.0†c 0.009c 0.002c 4.81 
1%AP+6%GLU 2.49 5.0†c 0.009c 0.002c 20.00 
1% STA  2.45 <1 min 0.41 0.54 15.4 
Means followed by the same letter in the same column are not significantly different (P < 
0.05). *Mean values of two tests.   
†Induction period longer than 5 h test period. AM = high amylose starch. AP = waxy starch. 
Starch variety, waxy or high amylose, had an effect on the fouling rates.  Waxy starch 
had higher viscosity (12.8 cP) compared to high amylose starch (8.8 cP) at1% solids 
concentration in tap water at 75 °C.  Mixture viscosities and clean overall heat transfer 
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coefficients were inversely related at testing conditions.  The clean overall heat transfer 
coefficients ranged between 2.41 to 2.44 kW/m2·K for waxy starch and between 2.93 to 2.96 
kW/m2·K for high amylose starch.  It was evident from the peak in Fig. 4a that high viscosity 
of waxy starch decreased heat transfer compared to less viscous high amylose starch mixture.  
However, it was unclear the effect of viscosity on induction period.    
5.3.4. Effects of glucose on high amylose and waxy starch fouling rates 
Glucose addition to waxy and high amylose starches resulted in induction periods 
longer than the 5 h test duration (Fig. 5.4). This may be due to the addition of sugars causing 
an increase in gelatinization temperature by reducing crystallization rate (Slade and Levine 
1993).  However, the glucose mixture with waxy starch had a downward trend similar to that 
of pure waxy starch mixture.  Insoluble amylopectin molecules may have disturbed the 
thermal boundary layer and increased the solid-liquid interface heat transfer coefficients 
which resulted in negative Rf values.  Bulk temperature (75 ± 2°C) was maintained close to 
the waxy starch gelatinization temperature range (63 to 72°C) and continued shear along with 
heating may have decreased the slurry viscosity as gelatinized starch mixtures behave like 
shear thinning fluids (Eliasson 1986).  Rausch et al (2013) showed that higher concentrations 
of sucrose in test mixtures generated induction periods longer than 10 h. Despite higher 
concentrations of glucose in mixtures (6% w/w), glucose mixed with high amylose and waxy 
starches exhibited longer induction periods with no deposit formation on probe surface.   
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Figure 5.4. Effects (two replicates) of glucose addition with high amylose and waxy corn 
starches on fouling resistances. (a) 1% waxy+6% GLU (b) 1% high amylose+6% GLU.  
 
5.4. Conclusions 
Experiments have been carried out to study carbohydrate fouling at constant heat flux 
and Reynolds number.  Pure starch mixtures had higher mean fouling rates, higher maximum 
fouling resistances and no induction periods.  Addition of glucose and corn syrup solids 
(shorter chain carbohydrates) to starch decreased mean fouling rates and maximum fouling 
resistances.  Maximum fouling resistances were dependent on overall carbohydrate polymer 
length and fouling rates increased in the order: 1% starch > 1% starch + 6% corn syrup solids 
> 1% starch + 3% corn syrup solids + 3% glucose > 1% starch + 6% glucose.  Induction 
periods of pure mixtures of either glucose or corn syrup solids had induction periods (>5 h) 
longer than a pure starch mixture which had no induction period.  Mixtures containing shorter 
chain carbohydrates, glucose and corn syrup solids, did not cause fouling either alone or in 
combination.  Waxy starches exhibited longer induction periods and higher maximum fouling 
resistances than high amylose starches. Addition of glucose to waxy and high amylose starch 
mixtures increased induction periods longer than the test duration of 5 h.   
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6. Fouling of commercial thin stillage and concentrate from individual 
effects of a multiple effect evaporator 
6.1. Introduction 
Fouling is defined as deposit formation on heat transfer surfaces, which increases costs 
from energy consumption, maintenance, labor and cleaning chemicals (Epstein 1981).  
Fouling increases pressure losses inside heat transfer equipment and decreases heat transfer 
rates (Taborek et al 1972).  In a corn dry grind ethanol plant, fouling occurs on evaporator 
surfaces during thin stillage concentration to condensed distillers solubles.  Following ethanol 
distillation, remaining material in beer still is called whole stillage.  Centrifugation of whole 
stillage produces thin stillage as the supernatant and wet grains.  Thin stillage is concentrated 
in evaporators and mixed with wet grains to produce DDGS.  Evaporator fouling is caused by 
materials that are present in thin stillage, i.e., carbohydrates, protein, fiber, fat and minerals.    
Falling film evaporators are used widely in the food industry due to higher heat 
transfer coefficients at low evaporating temperatures and short residence times.  They are 
economical, reliable, operate continuously and can handle large volumes of process streams 
(Wiegand 1971).  In processing plants, instead of a single falling film evaporator, multiple 
effect evaporators are used to increase evaporator capacity and to reduce steam consumption.  
One operating parameter that affects heat transfer in a falling film evaporator is solids 
concentration (Chen and Jebson 1997).  Total solids contents of thin stillage increase from 5  
to 30% as material passes through each evaporator effect (Rausch and Belyea 2006; Singh et 
al 1999).   
Despite longstanding problems of evaporator fouling in the corn ethanol industry, 
there have been few studies to understand total solids effects on thin stillage fouling.  Wilkins 
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et al (2006b) investigated pH effects on thin stillage fouling with dry matter (dissolved and 
suspended) ranging between 7.3 and 9.5%.  There was variability among replicates, perhaps 
due to total solids content.  Arora et al (2010) tested the effects of thin stillage solids content 
on fouling by using microfiltration to lower total solids, protein and fat contents.  Arora et al 
(2010) reported total solids (6.5% db), dissolved solids (3.0% db) and suspended solids 
(3.6% db) in thin stillage.  They also used diluted thin stillage for fouling tests; diluted thin 
stillage was prepared by mixing commercial thin stillage with distilled water to solids levels 
similar to microfiltered thin stillage.  Microfiltration reduced the fouling resistance by 50% 
when solids level decreased from 7.2 to 3.5%.  When compared to commercial thin stillage, 
induction periods were longer and increased by 9.5 times and 4.3 times due to microfiltration 
and dilution, respectively.  However, not many ethanol plants have a filtration step prior to 
thin stillage evaporation and the effect of solids concentration in evaporator effects is yet to be 
investigated.   
Heat transfer equipment efficiency is evaluated from heat transfer coefficients.  In a 
falling film evaporator, heat transfer coefficient depends on the temperature difference 
between the evaporating temperature and the steam condensing temperature (Chen and Jebson 
1997).  Higher temperature difference of more than 3°C in a falling film evaporator rapidly 
decreased the overall heat transfer coefficient of 10% sugar solution and water (Chen and 
Jebson 1997).  Heat transfer coefficient reduces more slowly at a temperature difference of 
more than 8°C.  A lower bulk temperature increases the temperature difference between 
evaporating temperature and steam condensing temperature and therefore decreases the 
overall heat transfer coefficient.  Earlier studies on thin stillage fouling had bulk temperatures 
up to 60 ± 2°C and lower than starch gelatinization temperatures (63 to 70°C).  The overall 
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heat transfer coefficients and the fouling rates of thin stillage determined in earlier studies 
may not represent the actual fouling rates.   
There are other factors, such as thin stillage recycling, that may influence fouling.  
Fermentation byproducts such as glycerol accumulate in dry grind process streams from thin 
stillage recycling (St. Julian et al 1990).  Glycerol content increased in fermentation mash 
with successive recycling of thin stillage but decreased after recycle six (St. Julian et al 1990).  
Thin stillage characteristics may be influenced from evaporator and other processing 
equipment cleaning because solids accumulation was related to recycling of thin stillage.  
Inconsistency in test results or the lack of repeatability in fouling rates and induction periods 
were observed in an earlier study; the causes were not understood (Wilkins et al 2006a).  We 
found that thin stillage collected at three times within a month from a dry grind facility did not 
foul during testing (unpublished data).  Prior to that time, the plant had been completely shut 
down for maintenance and cleaning.   
The objectives were to (1) determine fouling rates of commercial thin stillage and 
concentrates collected from stages of a multiple effect evaporator and (2) observe the effect of 
evaporator cleaning on thin stillage fouling. 
6.2. Materials and methods 
6.2.1. Samples from a dry grind ethanol plant 
 Samples were collected from different locations of a multiple effect evaporator of a dry 
grind plant.  The evaporation system at this facility has two effects.  The first effect consisted 
of four falling film evaporators connected together to form four stages (Fig. 6.1a).   
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(a)  
 
(b) 
 
Figure 6.1. Multiple effect evaporator. (a) First effect (b) Second effect. 
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 The second effect also consisted of four stages; eight evaporators were connected in 
series (Fig. 6.1b).  An initial thin stillage samples were collected prior to evaporation.  Sample 
collected from stage 5 was called concentrate from stage 5.  Unskimmed concentrate was 
collected from stage 7 and before centrifugation for oil separation.  Skimmed condensed 
distillers solubles were collected from the stream entering stage 8.  Samples were collected 
before and after scheduled evaporator cleaning.  All samples were stored in a cold room at 
4°C prior to testing.  Carbohydrate analyses were performed using HPLC methods.  Thin 
stillage total solids concentrations were determined by standard oven method (AACC 2000).  
A 50 mL sample was oven dried at 49°C for 24 h, then dried further at 135°C for 2 h.  
Samples were left to cool to room temperature before weighing for solids determination.    
Thin stillage, evaporator concentrate from stage 5, unskimmed concentrate and 
skimmed condensed distillers solubles were characterized and their compositions reported 
(Table 6.1).   
Table 6.1. Thin stillage composition (% w/w) before cleaning. 
Composition Thin stillage† 
Concentrate 
from stage 5† 
Unskimmed 
concentrate† 
Skimmed 
condensed 
distillers 
solubles† 
Sugar profile     
DP4+ 0.22±0.003 0.78±0.002 1.01±0.152 1.23±0.199 
DP3 0.20±0.020 0.56±0.001 0.68±0.075 0.81±0.088 
Maltose 0.45±0.070 1.34±0.001 1.50±0.055 1.79±0.060 
Glucose 0.03±0.002 0.10±0.003 0.30±0.090 0.36±0.110 
Glycerol 1.28±0.054 3.24±0.005 4.52±0.662 5.40±0.760 
Lactic acid 0.10±0.010 0.28±0.001 0.61±0.149 0.74±0.181 
Acetic acid 0.06±0.003 0.13±0.001 0.20±0.003 0.26±0.011 
† Mean of two samples.  
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6.2.2. Treatments 
 Thin stillage and concentrate from evaporator effects were collected during a 2 month 
period with the first batch of samples collected one week before scheduled evaporator 
cleaning.  The second batch of samples was collected one month after evaporation system 
cleaning. Total solids content in samples varied between 7.33 and 23.87% db (Table 6.2).  
Processing conditions caused variability in total solids content in thin stillage and concentrate 
from each stage.  Solids concentrations varied by ± 1% db during 24 h and therefore test 
samples were diluted with tap water such that the increment in solids content between stages 
was constant at 1% (Table 6.2).   
 
Table 6.2. Treatments in thin stillage fouling tests. 
Treatment Total solids as 
sampled (% db)† 
Adjusted 
total solids 
(% db) 
Viscosity 
(cP)† 
Commercial Thin Stillage    07.33 ± 0.16 7 15.65 ± 0.32 
Concentrate from stage 1 (S1)    08.33 ± 0.27 8 17.13 ± 0.71 
Concentrate from stage 2 (S2)    09.12 ± 0.15 9 18.78 ± 1.04 
Concentrate from stage 3 (S3)    11.63 ± 0.15 10 22.04 ± 0.25 
Concentrate from stage 4 (S4)    11.26 ± 0.47 11 27.92 ± 2.95 
† Mean of two samples.  
6.2.3. Methods 
Test apparatus specifications were described in Appendix A.1.  The test fluid was 
pumped from a batch tank through a heat exchanger to the annular probe.  The flow rate was 
controlled with a ball valve located on the centrifugal pump.  Bulk temperature (Tb) for each 
test was maintained at 75 ± 2°C, closer to evaporator temperatures 82 ± 2°C, by circulating 
test fluid in a loop.  The bulk temperature was measured by a thermocouple located before the 
test section.  Power (410 ± 10 W) was supplied to the resistance heater in test section and 
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initial probe temperature was adjusted to 120 ± 2°C.  Constant heat flux was maintained for 
the entire test duration (5 h).  Fluid flow was laminar, flow velocity ranged between 0.44 and 
0.73 m/s to maintain Re of 360 ± 10.   
At the end of each test, fouling deposits were removed using a plastic spatula.  The 
probe was soaked in 5% w/v sodium hydroxide solution overnight at room temperature.  The 
next day, remaining deposits were removed with a wet sponge.  Cleaning after each 
experiment included recirculation of 10 L of 1% w/v detergent solution (Alconox, New York, 
NY) at a flow rate of 11.35 L/min for 20 min through the batch tank, tubing, heat exchanger, 
pump and pump housing.  After cleaning with detergent solution, fouling apparatus was rinsed 
with 250 L of tap water.  Fouling resistance from the test fluid was calculated by the 
procedure in section 3.2.4.  Statistical analyses were performed with fouling rate as dependent 
variable and total solids as independent variable using statistical software (v.9.4, SAS 
Institute, Cary, NC, USA) with a significance level of p < 0.05.  Fouling rate was determined 
as the slope of the regression line (Rf vs t) from t = 0 until the end of test period, 5 h.  
Induction period was the time from the beginning of the test (t = 0) until 1 min moving 
average of Rf was less than 0.01 m
2·K/kW.  Fouling rates and clean overall heat transfer 
coefficients were compared using one way ANOVA with the least significant difference 
method.  
6.3. Results and discussion 
6.3.1. Fouling characteristics of commercial thin stillage and concentrate from individual 
stages 
Thin stillage had lower fouling resistance compared to the concentrate collected from 
stages 1, 2, 3 and 4 (Fig. 6.2 and 6.3).  Sloughing of deposits occurred for concentrate 
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collected from stages 3 and 4 (point Ø in Figures 6.2 and 6.3).  No induction periods were 
observed for commercial thin stillage and concentrated samples.  Absence of induction 
periods can be attributed to higher bulk temperatures (75 ± 2°C) compared to earlier studies 
ranging between 40 and 60°C (Arora et al 2010; Singh et al 1999; Wilkins et al 2006a; 
Wilkins et al 2006b).   
 
 
Figure 6.2. Fouling resistance of dry grind thin stillage and concentrate from stage 1, 2, 3 and 
4 before evaporator cleaning (1 observation).  TS = thin stillage, S1, S2, S3 and S4 = 
concentrate from 1st, 2nd, 3rd and 4th stage in a multiple stage evaporator; Ø = apparent 
sloughing of deposits. 
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Figure 6.3. Fouling resistance of dry grind thin stillage and concentrate from stage 1, 2, 3 and 
4 after 30 days from evaporator cleaning (1 observation).  TS = thin stillage, S1, S2, S3 and 
S4 = concentrate from 1st, 2nd, 3rd and 4th stage in a multiple effect evaporator; Ø = apparent 
sloughing of deposits. 
The fouling rates increased with increasing solids concentration in concentrates from 
stages of a multiple effect evaporator (Table 6.3).   Fouling rates of thin stillage were lower 
than the concentrates from individual evaporator stages.  Thin stillage had the lowest fouling 
rate among the streams tested.  Fouling rates obtained for concentrates were similar to thin 
stillage fouling rates observed by Wilkins et al (2006a).  However, thin stillage fouling rate 
(0.024 m2·K/kW·h) was lower than that observed by Wilkins et al (2006a) at similar solids 
content (8.01 ± 0.3% db).  It is possible that fouling rates decreased due to deposit sloughing 
from the probe surface.  Using a higher bulk temperature may have increased solubility of thin 
stillage components and decreased the particulate matter suspended in bulk fluid which 
further reduced the particulate fouling.   
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Table 6.3. Fouling rates of thin stillage and concentrates from stages 1, 2, 3 and 4. 
Sample 
Total solids  
(% db) 
Mean fouling rate 
(m2·K/kW·h)† 
Clean overall heat 
transfer 
coefficients 
(kW/m2·K)† 
Thin stillage 7    0.027 ± 0.001a    2.81 ± 0.140a 
Concentrate from stage 1 (S1) 8    0.059 ± 0.001ab    2.61 ± 0.065a 
Concentrate from stage 2 (S2) 9    0.059 ± 0.001ab    2.59 ± 0.075a 
Concentrate from stage 3 (S3) 10    0.068 ± 0.010bc    2.55 ± 0.065a 
Concentrate from stage 4 (S4) 11    0.096 ± 0.020c    2.41 ± 0.090a 
 † Mean of two tests. Values with the same letter were not different (p < 0.05).  
Thin stillage and concentrates from stages 1, 2, 3 and 4 did not show negative Rf 
values.  In earlier studies, negative Rf values were observed for thin stillage which indicated 
nucleate boiling from bubble formation on probe surface (Crittenden and Alderman 1988; 
Singh et al 1999; Zuber 1963).  There may be a large number of active nucleation sites formed 
on heating zone on probe surface at high bulk and wall temperatures which increased initial 
deposit rates.   Wilkins et al (2006a) obtained fouling rates at lower bulk temperatures (40 ± 
2°C) which may have resulted in fewer active nucleation sites and resulted in induction 
periods.  Also lower probe surface temperatures (100 ± 2°C) could have contributed to 
induction periods in previous study as heat transfer coefficients decrease with increase in 
temperature difference between bulk fluid and heat transfer surface.   
Clean overall heat transfer coefficients calculated for thin stillage and concentrates 
from stages 1, 2, 3 and 4 range between 2.41 to 2.81 kW/m2·K (Table 6.3).  As the 
commercial thin stillage was concentrated from one stage to another, the viscosity of 
concentrate increased causing an increase in the fouling rates (Fig. 6.4a).  The rate of increase 
was greater for concentrates collected from stages 2, 3 and 4 (Fig. 6.4a).   
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(a)  
 
(b) 
 
Figure 6.4. (a) Comparison of viscosity and fouling rates of thin stillage and concentrates 
from stages 1, 2, 3 and 4. (b) Comparison of clean overall heat transfer coefficient (U₀) and 
fouling rates.  
Even though the viscosities of commercial thin stillage and concentrate from stage 1 
(S1) were similar, fouling rates of commercial thin stillage were lower than the concentrate 
from stage 1 (S1) (Fig. 6.4a).  Viscosity of concentrates increased with stages and therefore 
the fouling rates also were increased.  Fouling rate coefficient of variation (CV) was between 
5.2 and 11.1% for thin stillage and concentrates from S1 and S2.  Fouling rate CV for S3 and 
S4 ranged between 14.3 and 28.6% and CVs were higher may be from high solids 
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concentrations.  As thin stillage was concentrated from stage 1 to 4, clean overall heat transfer 
coefficient (U₀) decreased from thin stillage to concentrate from stage 4 while fouling rates 
simultaneously increased (Figure 6.4b).  
6.3.2. Effect of evaporator cleaning on fouling characteristics of thin stillage and 
evaporator concentrate 
In a separate series of tests, effect of evaporator cleaning on thin stillage fouling was 
studied (Fig. 6.5).  Samples were collected a week after plant had been completely shut down 
for cleaning.  Thin stillage storage tanks were drained during this shut down.  Fresh stillage 
was produced; samples were taken from this newly made material.  Cleaning had an impact 
on evaporator fouling.  Unlike the samples collected before plant shutdown (Fig 6.2 and 6.3), 
the fouling rates of thin stillage and concentrates from individual stages were similar and had 
induction periods longer than the test period, 5 h (Fig 6.5).  Sloughing was not observed for 
samples collected a week after evaporator cleaning.  Thin stillage collected after evaporator 
cleaning had higher concentrations of glucose, lactic acid, methanol and ethanol (Table 6.1).  
But the acetic acid levels in thin stillage were similar to the samples collected prior to 
evaporator cleaning.   No experiments were conducted to test thin stillage compositional 
effects on fouling rates but it appears that plant shutdown removed residual solids that were 
accumulated from backset recycling.  More tests need to be conducted with multiple thin 
stillage samples collected within a week to understand the lower fouling rates after plant 
resumes production. 
 76 
 
 
Figure 6.5. Fouling resistance of dry grind thin stillage and concentrate from stage 1, 2, 3 and 
4 after cleaning (1 observation).  TS = thin stillage, S1, S2, S3 and S4 = concentrate from 1st, 
2nd, 3rd and 4th stage in a multiple effect evaporator, respectively. 
6.4. Conclusions 
 Commercial thin stillage and evaporator concentrates from four stages of a multiple 
effect evaporator were used to study fouling tendencies in a dry grind ethanol plant.  Fouling 
rates increased with increased total solids content.  As viscosity among the evaporate 
concentrates increased, mean fouling rates increased but the overall heat transfer coefficients 
were similar.  Induction periods were small or absent for commercial thin stillage and 
evaporator concentrates.  Asymptotic fouling rates may have been observed if the testing 
period was longer than 5 h but the fouling rates were linear.  Deposit sloughing was observed 
with evaporator concentrate but commercial thin stillage did not exhibit sloughing.  
Evaporator cleaning decreased fouling rates of thin stillage and concentrates but it was unclear 
if plant shut down had any influence on fouling rates.   
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7. Effect of corn oil separation on evaporator fouling 
7.1. Introduction 
In the dry grind process, unfermentables left after ethanol distillation are called whole 
stillage.  For every liter of ethanol produced, 5 to 6 L of whole stillage is generated 
(Rasmussen et al 2014).  Upon centrifugation of whole stillage, thin stillage was produced as 
liquid fraction and wet grains are separated as solids.  In a dry grind plant, solids separation 
occurs during thin stillage concentration; it is typical to recover oil from thin stillage in 
between stages.  Wet grains and syrup are mixed and dried to less than 10% moisture content 
to produce DDGS, a coproduct from dry grind process used as animal food.  Corn oil recovery 
from condensed distillers solubles was included as one of the processing steps to obtain high 
valued coproducts from the dry grind process.  Post fermentation corn oil can be recovered 
from centrifugation, heating and condensation of thin stillage (Moreau et al 2010).  Recovered 
oil can be used for biodiesel production.   
Singh et al (1999) investigated effects of oil in thin stillage on fouling characteristics.  
Refined corn oil addition to dry grind ethanol thin stillage decreased the fouling rates.  
Commercial thin stillage had fouling rates higher than thin stillage with 1.0 and 1.5% refined 
oil added. This was attributed to thin stillage having 16.5% db of unrefined corn oil and 
addition of refined oil may have altered adhesion of lipids to metal surfaces.  
Copolymerization between lipids and proteins may foul the heat transfer surfaces (Lund and 
Sandu 1981).  Heat transfer surface characteristics were altered by lipid adsorption onto metal 
surface by transforming high energy metal surfaces into unwettable or autophobic surfaces 
(Lund and Sandu 1981). 
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It is unknown whether oil separation at the final stages of an evaporator affects thin 
stillage fouling.  Post fermentation corn oil has 11 to 16% of free fatty acids whereas in 
refined corn oil free fatty acids are removed completely (Moreau et al 2010).  Wax esters and 
steryl esters in post fermentation corn oil ranged between 3.6 to 4.3%.  Post fermentation corn 
oil added thin stillage may result in rapid changes of thin stillage fouling characteristics.  
Effects of added post fermentation corn oil to thin stillage still needs investigation.  Therefore, 
the objective of this study is to investigate the added effects of post fermentation corn oil to 
commercial thin stillage and also the effect of oil separation from concentrates on evaporator 
fouling.  
7.2. Materials and methods 
In the dry grind plant where the samples were collected for this study, oil was 
recovered from the concentrate from stage 7 (Fig 6.1b).  Oil skimmed concentrate was 
concentrated further in stage 8 before forming condensed distillers solubles or syrup.  
Unskimmed concentrate was collected from stage 7 in a multiple effect evaporator before oil 
separation by centrifugation.  Skimmed condensed distillers solubles were collected after 
centrifugation and before stage 8.  Total solids of unskimmed concentrate and skimmed 
condensed distillers solubles were diluted to 10% solids concentration using tap water due to 
pump limitations.  
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Table 7.1. Total solids content of unskimmed concentrate after stage 7 and skimmed 
condensed distillers solubles. 
Treatment 
Total solids as sampled  
(% db)† 
Adjusted total solids (% 
db)† 
Unskimmed concentrate 
(UC) after stage 7 
22.26 ± 1.69 10 
Skimmed condensed 
distillers solubles (SCDS) 
after stage 8 
23.87 ± 3.68 10 
† Mean of two samples. 
As thin stillage recycling was not a controlled operation, at least not in terms of oil 
concentration, there is a possibility that oil accumulates in one of the recycling thin stillage 
streams.  In order to determine the effects of oil concentration in thin stillage on evaporator 
fouling, a series of tests were conducted by adding post fermentation corn oil to commercial 
thin stillage.   
Post fermentation corn oil was added to commercial thin stillage and total solids were 
adjusted before addition to the batch tank.  Fouling tests were conducted at bulk fluid 
temperature 75 ± 2°C, laminar flow rate (Re = 360 ± 10) and initial probe surface temperature 
120 ± 2°C.  Testing equipment and cleaning procedures were described 
elsewhere (Appendix A.1).  Statistical analyses were performed using statistical software 
(v.9.4, SAS Institute, Cary, NC, USA) with a significance level of p < 0.05.  Fouling rate was 
determined as the slope of the regression line (Rf vs t) from t = 0 until the end of test period, 5 
h.  Induction period was the time from the beginning of the test (t = 0) until the 1 min moving 
average of Rf was less than 0.01 m
2·K/kW.  Mean fouling rates, clean overall heat transfer 
coefficients of thin stillage and oil added thin stillage were compared using one way ANOVA 
with the least significant difference method.  
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7.3. Results and discussion  
7.3.1. Effects of added post fermentation corn oil on thin stillage fouling 
Fouling resistance followed an increasing trend for thin stillage and oil added thin 
stillage until the end of 5 h test period.  Each test was replicated and no scatter in data was 
observed.  At the beginning of each test, no negative fouling resistances were noticed for thin 
stillage and oil added thin stillage.  Average fouling resistance of thin stillage was 
0.066 m2·K/kW.  Upon addition of 0.5% oil to thin stillage, average fouling resistance 
increased to 0.141 m2·K/kW.  Average fouling resistance of 1% oil added thin stillage was 
0.164 m2·K/kW and higher than 0.5% added thin stillage and commercial thin stillage.  
However, 1.5% oil added thin stillage had lower average fouling resistance (0.10 m2·K/kW) 
compared to original thin stillage and 0.5 or 1.0% oil added thin stillage.  
 
Figure 7.1. Effect of post fermentation oil addition (0.5, 1.0 and 1.5% w/w) on thin stillage 
fouling. TS=thin stillage. 
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Oil addition to thin stillage increased fouling rates of commercial thin stillage but at 
higher oil concentration (1.5%), fouling rates decreased compared to thin stillage mixtures 
added with 0.5 and 1.0% post fermentation oil (Fig. 7.1).  Mean fouling rates of thin stillage 
were lower than post fermentation oil added thin stillage.  Fouling rates CV were between 7.7 
and 9.0% for oil added thin stillage and 11.1% for commercial thin stillage.  Increasing order 
of fouling rates: thin stillage, thin stillage + 1.5% oil, thin stillage + 1.0% oil, thin stillage + 
0.5% oil.  Viscosities of post fermentation oil added thin stillage were similar at all oil 
concentrations (0.5, 1.0 and 1.5%).  Viscosity of thin stillage and post fermentation corn oil 
added thin stillage did not vary with oil concentration.  Therefore, it is unclear whether 
viscosity had any impact on clean overall heat transfer coefficient. Clean overall heat transfer 
coefficients (U₀) were not different.   
 No induction periods were observed for thin stillage and also for oil added thin 
stillage.  Singh et al (1999) did not notice induction periods for thin stillage and refined oil 
added thin stillage from a dry grind ethanol plant and wet milling facility.  Negative fouling 
rates were observed by Singh et al (1999).  Wilson and Watkinson (1995) suggested that 
negative fouling resistances were from particles disturbing the thermal boundary layer.  
Higher bulk temperatures (75 ± 2°C) in the current study may have increased solubility of thin 
stillage components which decreased particulate matter.  In earlier studies, temperature 
difference between the bulk temperature and probe surface temperature was high (> 50°C) 
and in the current study it was less than 50°C.  However, no experiments were conducted to 
test whether higher temperature difference between the bulk temperature and probe surface 
temperature had any impact on thermal boundary layer.   
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Table 7.2. Mean fouling rates and clean overall heat transfer coefficients of thin stillage and 
post fermentation oil added thin stillage. 
Sample Mean fouling rate 
(m2·K/kW·h)† 
Clean overall heat transfer 
coefficients (kW/m2·K)† 
Thin stillage 0.027 ± 0.003a 2.81 ± 0.014a 
Thin stillage + 0.5% oil   0.066 ± 0.006bc 2.57 ± 0.075a 
Thin stillage + 1.0% oil 0.077 ± 0.007b 2.53 ± 0.007a 
Thin stillage + 1.5% oil   0.039 ± 0.003ac 2.48 ± 0.031a 
     † Mean of two tests. Values with the same letter are not significantly different (p < 0.05). 
Singh et al (1999) also observed similar fouling trends for refined oil added thin 
stillage.  Heat transfer surface characteristics were altered by lipid adsorption onto metal 
surface by transforming high energy metal surfaces into unwettable or autophobic surfaces 
(Lund and Sandu 1981).  The similarities between the fouling trends observed in earlier study 
(Singh et al 1999) and the current work suggest that oil (refined or unrefined) alters surface 
characteristics of heat transfer probe and fouling rates are either increased at lower oil 
concentration or decreased at higher oil concentration.  Thin stillage fouling rates reported in 
earlier study were lower than refined corn oil added thin stillage (Singh et al 1999).  In this 
study, thin stillage had lower fouling rates compared to post fermentation oil added thin 
stillage.  High concentrations of wax esters in post fermentation oil may have contributed for 
higher fouling rates of oil added thin stillage.  Paraffin wax fouling on heat exchanger 
surfaces was controlled by bulk temperature, flow rate and wax concentration in bulk fluid 
(Bott and Gudmundsson 1977).  Fouling tests need to be conducted using model thin stillage 
mixtures using wax esters and free fatty acids to understand their effects on thin stillage 
fouling.  
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7.3.2. Effect of oil skimming on fouling on thin stillage concentrate 
The fouling resistance curves obtained for skimmed and unskimmed concentrates were 
similar.  Tests were conducted to verify the effect of evaporator cleaning on fouling 
resistances (Fig. 7.2).    
 
Figure 7.2. Effect of cleaning on skimmed and unskimmed concentrate (1 observation). UC = 
unskimmed concentrate, SCDS = skimmed condensed distillers solubles; (a) = before plant 
and evaporator cleaning, (b) = after cleaning. 
Unskimmed concentrate had higher fouling resistances at the beginning of the 
experiment but at the end of the 5 h, fouling resistances of skimmed condensed distillers 
solubles overlapped with unskimmed concentrate.  Fouling resistance of samples collected 
before evaporator cleaning showed no induction periods but the samples collected a week 
after evaporator cleaning had induction periods longer than 5 h.  Samples collected after 4 
weeks from evaporator cleaning exhibited no induction periods.  It is unclear whether 
induction periods resulted from evaporator cleaning or plant shutdown. More tests need to be 
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conducted with samples collected soon after shutdown to understand the effect of cleaning on 
evaporator fouling.     
7.4. Conclusions 
       Post fermentation corn oil effects on thin stillage fouling was studied at constant 
Reynolds number and heat flux.  Fouling tests were conducted to compare oil added thin 
stillage fouling rates from this study to an earlier study that used refined corn oil.  Diluted 
evaporator concentrate collected before and after oil skimming also were used for fouling 
tests.  The fouling resistance – time behavior of post fermentation corn oil added thin stillage 
showed similar fouling tendencies reported in the earlier study.  Unlike in earlier study, oil 
added thin stillage had higher fouling rates compared to commercial thin stillage.  Oil 
separation from concentrated thin stillage had no effect on evaporator fouling.  Samples 
collected a week after cleaning had induction periods longer than 5 h.   
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8. Conclusions and future work 
 
 A study was made to understand the effect of carbohydrates in corn processing streams 
on evaporator fouling.  Model thin stillage mixtures were prepared using carbohydrates to 
simulate thin stillage obtained during corn processing for ethanol production.  Thin stillage 
and concentrates from evaporators were also used as testing fluids.  Preliminary experiments 
were conducted using a pilot scale fouling test apparatus.  Due to equipment limitations, a 
bench top fouling test apparatus was built and tested to maintain operating conditions in 
evaporators.   
 Experiments were conducted at constant heat flux and annular probe surface 
temperatures were measured as a function of time.  Fouling resistance and rates calculated 
using surface temperatures were used to interpret fouling tendencies of test mixtures. 
8.1. Conclusions 
Starch and sucrose mixtures: 
 The study of fouling by starch and sucrose mixtures at bulk temperatures about 
50 ± 2°C and initial probe surface temperatures of 100 ± 2°C has shown the following: 
a) Starch concentration is an important variable in fouling by carbohydrate mixtures.  
With increase in starch concentration, from 1 to 3% wb in mixture composition, 
fouling resistance increased and the time required to reach maximum probe surface 
temperature (175°C) decreased.  Carbohydrate mixture composition was critical to 
fouling.   
 86 
 
b) Induction periods were too small to notice for carbohydrate mixtures prepared from 
starch.  However, mixtures prepared from sucrose alone exhibited induction periods 
longer than 10 h.  
c) Concentration is an important variable in fouling by carbohydrate mixtures.  With 
increase in starch concentration in mixture composition, fouling resistance increased 
and the time required to reach maximum probe surface temperature decreased.  
Starch, corn syrup solids and glucose mixtures:  
a) Carbohydrate type was tested for fouling effects at temperatures ( > 63 °C) higher than 
starch geltanization.  Starch addition to corn syrup solids or glucose mixtures resulted 
in an increase in fouling by virtue of increased viscosity.   
b) Pure carbohydrate mixtures prepared from glucose and corn syrup solids only 
exhibited no fouling and had induction periods longer than test periods ( 5 h).  
c) Pure starch mixture had higher mean fouling rates, higher maximum fouling 
resistances and had no induction period.  
d) There was a difference in fouling tendencies among starch varieties, waxy and high 
amylose.  Waxy starches had higher fouling resistances than high amylose starches.  
Glucose addtion to either starch varieties increased induction periods longer than 5 h. 
Thin stillage and evaporator concentrates:  
a) Commercial thin stillage fouling rates observed in this study were lower than the 
earlier studies.  The decrease in fouling rates may be due to increased solubility of thin 
stillage components from higher bulk temperatures compared to earlier studies.    
b) Total solids in evaporator concentrates increased from passing thin stillage through 
first effect stages in a multiple effect evaporators.  Fouling rates increased with 
increase in total solids content.   
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c) Thin stillage and evaporator concentrates collected a week after plant shutdown and 
evaporator cleaning exhibited induction periods longer than 5 h.  Factors that 
influenced fouling tendencies were unknown.  
Thin stillage and post fermentation corn oil mixtures:  
a) Post fermentation corn oil addition at 5% w/w increments to thin stillage increased 
fouling rates.  At 1.5% oil addition to thin stillage, fouling rates decreased but higher 
than commercial thin stillage.   
8.2. Future work 
 
1. A bench top fouling apparatus can be aligned between stages of a multiple effect 
evaporator to estimate thin stillage fouling rates as it is concentrated.  This 
arrangement would help monitor the efficiency of fouling mitigating additives such as 
phytases on evaporator fouling. 
2. To study protein or mineral fouling, experiments can be conducted using thin stillage 
sample from previous run to check if repeated runs would yield lower fouling rates.  
Protein and ash analysis of samples collected before and after each run may suggest 
fouling from protein or mineral content.  Deposit analysis would also help to 
understand thin stillage fouling.  
3. Fouling tests should be done to study various concentrations of glycerol on thin 
stillage fouling.  Glycerol concentrations are to be analyzed in thin stillage samples in 
order to estimate the fouling from glycerol.   
4. To study corn protein fouling, there are several fluids that can be prepared from corn 
processing streams.  To start with, protein mixture can be prepared from soy protein in 
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tap water.  Corn soak water can be used to simulate corn protein mixture for fouling 
studies but it is important to characterize the soluble protein as it may contain bacteria 
after several hours of soak.  Protein mixture can also be prepared from wet cake but 
care must be taken to avoid particulate matter suspension in mixture which could lead 
to particulate fouling. 
5.  To test mass transfer effects on thin stillage fouling, experiments may be designed at 
various Reynolds numbers.  Thin stillage samples should be collected at least a month 
after scheduled cleaning to attain steady state in a dry grind plant.  
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APPENDIX A 
A.1. EXPERIMENTAL APPARATUS 
 An apparatus was built to measure fouling characteristics of thin stillage in batches of 
up to 7 L for 5 h of testing.  Batch size was decreased to 7 L from 50 L and also the test 
duration from 10 h to 5 h.  A bulk temperature of 70°C or higher can be attained in the new 
apparatus.  New fouling probe had four thermocouples to measure surface temperature and 
greatly decreased the noise in data collection.  New probe uses Type K thermocouples as 
against type E in old probe.   
A.1.1. Fouling test apparatus 
Fouling test apparatus was equipped with a heat transfer probe, a 20 L batch tank to 
which fouling test fluid was charged, an Iwaki Walchem magnetic drive pump (EW72012-20, 
Iwaki, Japan), a flow meter, heat exchanger to control bulk fluid temperatures and regulating 
valves (Figure A.1).  The annular probe (FIREROD 1025, product no SJ24AX-2835) was 
purchased from Watlow in St. Louis. It consisted of a resistance heater (208 V, 2000 W) 
enclosed in a Type 316 stainless steel rod.  The heater rod was 0.61 m long with 0.0126 m 
diameter.  Heating section was located at 0.286 m from lead end, 0.222 m from the disc end 
and had a 0.1016 m heating zone.  Inside the heated rod section were five type K ungrounded 
thermocouples (TC).  Four thermocouples were used to provide an average inner wall 
temperature (TW) and the fifth thermocouple was connected to a relay to break the circuit 
when probe exceeded a limit (200°C) set on the limit controller.  A standard jack panel 
(model # SJP1-05-K, Omega Engineering, Stanford, CT) for K-type thermocouples was used 
to make thermocouple connections on the probe.  The probe was enclosed in a SS316 tube 
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and pipe housing included a Swagelok connector, union, hex bushings and a valve, all 
manufactured from SS316 and brass to avoid corrosion.  
 
Figure A.1. Schematic of fouling test apparatus  
A.1.2. Control circuit 
The control panel (Figure A.2) was equipped with a 16 channel datalogger (RDXL-
122D, Omega Engineering, Stanford, CT), an AC watt transducer (PC5-110D, Ohio 
Semitronics, Hillard, OH), temperature limit controller (CN 3261, Omega Engineering, 
Stanford, CT), relay (model 5X826, Dayton) and a variable voltage power controller (18TB-2-
25, Payne Engineering, Canton, MA).   The transducer and limit controller were powered by 
120 VAC supply from the control circuit.  Power to the annular probe was controlled by a 
variable voltage power controller which was connected to a 230 VAC supply.  The power of 
the annular probe was rated at a maximum 2000 W by Watlow and maximum surface 
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temperature was 200°C since K type thermocouples are accurate up to 200°C.  Output from 
the thermocouples and bulk temperature of the fouling fluid were stored by the datalogger.  
The thermocouple, TC4, which monitors the surface temperature was connected to the limit 
controller whose maximum temperature was set to the probe’s maximum temperature, i.e., 
200°C.  When probe surface temperature exceeded the maximum limit, the limit controller, 
which was connected in series with a relay, activate the switch on the relay to shut off power 
supply to probe.  
 
Figure A.2. Control circuit.  
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A.1.3. Calibration of the annular probe 
Wilson (1915) developed a method to calculate the resistance to heat transfer of a 
condensing vapor.  Resistance to heat transfer depends on the fluid velocity, mean fluid 
temperatures and wall temperatures.  Wilson (1915) used water flowing on the shell side of a 
heat exchanger to calculate heat transfer resistance and condensing water vapor on the tube 
side as heating medium.  Fischer et al (1975) used the analytical method developed by 
(Wilson 1915) to calibrate annular probes with steam as the heating medium.  The annular 
probe must be calibrated to determine thermal resistance (x/k) from overall heat transfer 
coefficient and fluid velocity (V) through the annular probe (Wilson 1915), where x is the 
distance from heater surface and k is thermal conductivity of the probe material.  The annular 
probe has a resistance heater to heat the fouling fluid by indirect electrical heating.  
Thermocouples embedded in the probe wall are at a distance (x) from the heater surface which 
is unknown.  This distance is needed to determine surface temperature of the probe (TS) and to 
calculate the overall heat transfer coefficient (U).  Interior probe wall temperature (TW) was 
measured by the thermocouple; there were four thermocouple locations within the heating 
zone of the probe. Thermal resistance (RW) from wall surface was calculated from the Wilson 
plot (section 2.3.3).  
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A Wilson plot, between 1/U versus 1/Vn, for each thermocouple, gave a straight line 
with a slope (C) and an intercept (Rw) (Figure A.3).  
 
Figure A.3. Wilson plot for thermocouple 1.  
The overall heat transfer coefficient of a clean probe was measured at different flow 
rates while keeping (TW-Tb) constant. The value of n was determined by trial and error until 
the plot gave a straight line for an intercept of RW.  For n = 0.8 only, the Wilson plot between 
1/U and 1/V0.8 gave a straight line for TC1 (Figure A.3).  Each thermocouple was tested three 
times to get a straight line for n = 0.8.  The same procedure was followed to obtain x/k values 
for thermocouples 2, 3 and 4 (Table A.1).    
Table A.1. Calculated thermocouple thermal resistances (x/k) from Wilson plot. 
Thermocouple x/k (m2K/W) 
1 0.0749 
2 0.1095 
3 0.0971 
4 0.0976 
y = 0.0031x + 0.0749
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A.1.4. Fouling test procedure 
Fouling tests were performed by circulating the fouling test solution in a closed loop 
through the annular probe.  A batch tank was filled with test solution (5L + 2L hold up) and 
heated to the bulk temperature (70 ± 2°C) by circulating through the heat exchanger, annular 
test section and back into the tank.  Before each experiment, the system was allowed to 
stabilize at the fouling test conditions.  After the bulk temperature was reached, data 
collection was initiated by turning on the data logger, power supply to the limit controller, 
watt transducer and resistance heater on the annular probe.  Power supply to probe was 
adjusted for an initial average temperature on the probe of TW=100°C; this point marked as 
the beginning of the test (t=0).  All the tests were terminated when the interior probe 
temperature reached 170°C or at t=10 hr.  
A 500 ml sample was collected after each test and stored at 4°C for viscosity 
measurement.  Fouling apparatus and annular probe were cleaned following each test.  
Fouling deposits were removed with a wet sponge and the annular probe was soaked 
overnight in 5% (w/v) NaOH solution.   Remaining depositon the probe was removed the next 
day.  Fouling apparatus (batch tank, tubing, heat exchanger, pump and heater rod housing) 
was cleaned by recirculating 1% (w/v) hot detergent solution (Alconox, New York, NY), 
followed by a hot water (150 L) rinse.   
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A.1.5 Comparison of new and old fouling test probes 
Table A.2. Design specifications of new and old annular fouling test probes. 
Parameters New probe Old probe 
Material SS 316 SS 316 
Diameter (mm) 12.6 10.7 
Annulus outer diameter (mm) 25.4 25.4 
Heated length (mm) 101.6 102.0 
Heater length to thermocouple location (mm) 222.0 78.0 
Length from entrance to thermocouple location (mm) 286.0 294.0 
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A.2. Sample calculation of thermal fouling resistance 
Sample calculation for the fouling resistance was done for 1% starch mixture.  New probe was 
used to determine the fouling resistance.   
Clean probe conditions:  
Surface temperature, Ts = 120°C 
Bulk temperature, Tb = 75°C 
Input power, Q = 410 W 
Fouled probe conditions: 
Surface temperature, Ts = 140°C 
Bulk temperature, Tb = 76.1°C 
Input power, Q = 407 W 
Probe surface area, A,  
A = πdl = 3.14 x 0.0126 x 0.1016 = 0.004 m2 
Heat flux at the beginning (t = 0 min) of the fouling test, Q/A,  
        Q/A = 410/0.004 = 102.5 kW/m2 
Initial overall heat transfer coefficient, U₀,  
U₀ = (Q/A)/(Ts – Tb) 
U₀ = (102.5)/(120 – 75) = 2.28 kW/m2·K 
Initial thermal resistance, 1/U₀,  
1/U₀ = 1/2.28 = 0.44 m2·K/kW 
Overall heat transfer coefficient of fouled probe, U,  
U = (102.5)/(140 – 76.1) = 1.60 kW/m2·K 
Thermal resistance of fouled probe, 1/U,  
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1/U = 1/1.6 = 0.625 m2·K/kW 
Thermal fouling resistance, Rf,  
Rf = 1/U – 1/U₀ = 0.625 – 0.44 = 0.185 m2·K/kW  
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A.3. Maltodextrin fouling 
Materials: Maltodextrins (M200 and M440) and regular corn starch 
Table A.3. M200 and M440 carbohydrate profile (% db). 
Carbohydrate M440 M200 Regular corn starch 
Monosaccharides 0.3 2.3 - 
DP2 0.9 7.4 - 
DP3 1.4 9.1 - 
DP4+ 97.4 81.2 >99% 
 
Experiment conditions: Initial probe temperature (100°C), bulk fluid temperature (70°C) and 
flow rate (3 gpm) 
 
 
Figure A.4.  Fouling resistance of maltodextrin mixtures. 
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 The results suggest that pure carbohydrate mixtures did not cause fouling but a 
combination of 1% starch and 1% M440 mixture had an induction period (3.2 h) and followed 
by a rapid increase in fouling.  Carbohydrate mixture (1% Starch + 1% M440 + 1% M200) 
did not cause fouling and had induction period longer than test period, 5 h.   
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A.4. Glycerol and thin stillage mixture fouling 
Materials: Thin stillage and glycerol (lab grade) 
Experiment conditions: Initial probe temperature (120°C), bulk fluid temperature (75°C) and 
flow rate (3 gpm) 
 
Figure A.5.  Fouling resistance of thin stillage and glycerol added thin stillage. (a) Replicate 1. 
(b) Replicate 2.   
 Test mixture was prepared by adding 1% glycerol (% w/w) to thin stillage that has 7% 
total solids.  Glycerol added thin stillage had a higher fouling rate compared to thin stillage.  
No induction periods were observed for thin stillage and glycerol added thin stillage.   
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A.5. Corn soak water fouling 
Materials: Corn soak water 
Experiment conditions: Initial probe temperature (120°C), bulk fluid temperature (75°C) and 
flow rate (3 gpm) 
 
Figure A.6.  Fouling resistance of corn soak water. 
 Corn soak water was prepared from soaking corn in tap water for 24 h at 50°C in a 
batch tank while recirculating water at a flow rate of 3 gpm.   After 24 h, soaked corn was 
removed from the tank and test mixtures was adjusted to final volume of 7 L (5 L + 2 L hold 
up).  Total solids content in corn soak water was found to be 4% w/w.  Using the same 
procedure described in Section 4.4, fouling test was conducted and the fouling resistance vs. 
time was plotted (Fig. A3).  Fouling pattern of corn soak water resembled that of a silica 
fouling curve.  No induction period was observed.  
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A.6. Zeta potential of carbohydrate mixtures 
 Zeta potential of carbohydrate mixtures prepared from starch, corn syrup solids and 
glucose were measured (Table A.4.).   
Table A.4. Zeta potential of carbohydrate mixtures. 
Carbohydrate mixture 
Zeta potential (mV) 
Replicate 1 Replicate 2 
Blank -1.18 -3.58 
1% Starch 0.52 -3.58 
7% Glucose -0.54 0.05 
7% Corn syrup solids -0.97 -1.02 
1% Starch + 6% Glucose -2.17 -2.06 
1% Starch + 6% Corn syrup solids 3.11 -5.93 
3.5% Corn syrup solids + 3.5% Glucose Not determined Not determined 
1% Starch + 3% Corn syrup solids + 3% Glucose -0.2 -8.39 
 
 A Zeta Potential Analyzer and Dynamic Light Scattering (Zeta PALS by Brookhaven 
Instruments Corporation) was used to measure zeta potential of carbohydrate mixtures.  
Carbohydrate mixture temperature was maintained at 60°C.  Two measurements were taken, 
and both the values were reported (Table A.4.).   
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A.7. Fouling apparatus standard operating procedure  
CONTACT INFORMATION: 
PROCEDURE TITLE:    Fouling Apparatus User Protocol 
PROCEDURE AUTHOR:            Dr. Kent Rausch & Ravi Challa 
DATE OF CREATION:   09/24/2014 
RESPONSIBLE PEOPLE:  Dr. Kent Rausch (217-778-8575) 
LOCATION OF PROCEDURE:   Burnsides Lab, Rm 8, 9 and 10 
APPROVAL SIGNATURE:  
STANDARD OPERATING PROCEDURE (SOP) IS FOR A: 
Specific laboratory procedure or experiment: Fouling Apparatuss 
EXPERIMENT DESCRIPTION: 
To measure the fouling resistance of fluids on annular fouling probe 
Duration of the experiment is several hours (4 - 12 h) 
STORAGE REQUIREMENTS: 
Samples collected before and after the fouling experiments and bulk samples must be stored at 
4°C 
SAFETY LITERATURE:  
Sodium Hydroxide (NaOH) solution prepared in the lab used to soak/clean the probe 
Material Safety Data Sheet (MSDS) of the NaOH can be found in the lab or accessed on the 
web:  
http://www.cen.iitb.ac.in/cen/new%20msds/sodium%20hydroxidemsds.php.pdf 
PERSONAL PROTECTIVE EQUIPMENT: 
Clothing: long pants and close-toed shoes (to avoid NaOH spill on body/feet) 
Gloves: Nitrile gloves (to avoid NaoH spill on hands) 
Eye Ware: Safety glasses (to avoid contact with NaOH and hot water) 
Other: Lab coats (to avoid stains on clothes) 
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STEP BY STEP OPERATION PROCEDURE:  
1. Check the annular fouling probe for leaks by circulating hot tap water through the probe 
into the tank 
2. Clean the fouling system by recirculation 10 L 1% (w/v) Alconox Solution for 20 min 
followed by a 150 L hot water rinse 
3. Connect the thermocouple extensions (male) from the datalogger to the female ends of the 
fouling probe  
4. Charge the tank with known volume (5 L + 2 L hold up) of test fluid  
5. Plug in the heater to heat the water for heat exchanger (HE) 
6. Turn on the pump connected to the heating fluid tank to recirculate through the HE 
7. Recirculate the test fluid from the tank, through the heat exchanger, fouling probe and 
back into the tank (IMPORTANT: Turn on the probe only after starting the test fluid 
recirculation)  
8. Wait until the heat exchanger fluid and the test fluid reach equilibrium  
9. Collect a 500 ml sample for analysis 
10. Turn on the data logger and collect data for the test fluid  (Refer to the manual for data 
collection) 
11. Turn on power to the 220 V power supply to the fouling apparatus and adjust the average 
surface temperature on probe to 100°C by turning the knob connected to limit controller 
(process flow diagram is attached for reference) 
12. End the experiment by disconnecting the 220V power to the probe, turn off the HE 
heating fluid pump and heater, test fluid recirculating pump and switch off the data logger.  
13. Collect a 500 ml sample from the tank for analysis 
14. Discard the test fluid into drain and empty the tank 
15. Scrub the tank walls with brush and rinse the tank with hot tap water  
16. Remove the thermocouple connections and dismantle the annular probe. Scrape the 
fouling deposits with a plastic spatula into a sampling vial and store at 4°C 
17. Soak the probe overnight in 5% (w/v) NaOH solution and leave the lights on for probe 
visibility on floor  
SAFETY PRECAUTIONS 
 Wear personal protective equipment (gloves, eye glasses and lab coat) while preparing the 
NaOH solution, test fluid and starting up the fouling apparatus as it involves high 
voltages.  
 Always use cold water to make 5% (w/v) NaOH solution to avoid violent reaction 
 Rinse all the containers used for preparing 1% NaOH solution thoroughly with water and 
keep separately  
 Be aware of the wet floor and step with caution  
 Call 911 or 9-911 from campus phone in case of emergency 
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Chemical Emergency Plan (NaOH): 
1. Call 911 or 9-911 from campus phone if breathing is difficult   
2. SKIN CONTACT: In case of skin contact, immediately flush skin with plenty of cold tap 
water for at least 15 min while removing contaminated clothing and shoes. Get medical 
attention immediately 
3. EYE CONTACT: In case of eye contact, immediately flush eyes with plenty of water for 
at least 15 min.  Cold water may be used.  Get medical attention immediately. 
4. Lab contact: Dr. Kent Rausch (217-778-8575) and Ravi Challa (662-518-1338)  
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A.8. Fouling apparatus inventory 
General Name Manufacturer, 
Model, City, 
State 
Specifications Comments Price ($) 
Watt transducer PC5-11D, Ohio 
Semitronics, 
Inc., Hilliard, 
OH 
0-300v, 0-20 
amp, 0-4 kW 
calib. 
Green box 315.00 
Solid state 
control 
Model 18TB-2-
25 1Ph 152008, 
Payne 
Engineering 
240VAC, 25A, 
60Hz 
Old black box 
w/fuse; ports: line, 
load, control (2) 
wires 
182.00 
Limit control CN3261-KF, 
Omega 
 Grey/black smaller 
box; dial set to 
“4.0” (°F × 100) 
160.00 
Relay 5X852M, 
Dayton, Niles, 
IL 
300v, 15amp; 
600v, 10amp 
Clear box 24.00 
Relay socket Dayton, Niles, 
IL 
  7.00 
Amp read out 
(amp gauge) 
Model 304, 
Weston 
Instruments, 
Newark, IL 
0-5 amp dial Fuse protected 35.00 
Datalogger RDXL-122D, 
Omega, 
Stamford, CT 
16 channels Channels 1 – 10 
used for old probe. 
Channels 11 – 16 
used for new probe 
3385.00 
Volt, amp meter Shurite Panel 
meters  
 
AC Ammeter; 
Ammeter Meter 
Type; 0 to 30A; 
5 %; 2.5 in.; 
0.182 in.; 850 
Series 
Appear to monitor 
probe heater volts  
24.00 
Fouling probe FIREROD 
1025, product 
no. SJ24AX-
2835; Watlow, 
St. Louis, MO 
208 V, 2000 W  1500.00 
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A.9. Fouling apparatus accessories 
General Name Manufacturer, 
Model, City, 
State 
Specifications Comments Price ($) 
Cone Bottom 
Tank w/ Molded 
Poly Cover 
 
Plastic-
mart.com 
Part # 
TC1113CA  
5 gallon 
11" dia. x 13"H 
Batch tank 34.00 
Bulkhead fitting Grainger 1-1/2 in socket 
Item# 3CEF2 
Big grey plastic 
fitting at tank 
bottom 
26.00 
Banjo 
polypropylene 
ball valve 
FNPT, 1-1/2 in  
Item# 1MKK5 
Tank bottom valve 50.00 
Banjo Adapter 1-1/2 in male 
adapter x 
MNPT 
Item# 1DPN1 
 4.00 
Banjo coupler 1-1/2 in, 125 
psi 
polypropylene 
Item# 1DPL8 
 13.00 
Chiller  MoreBeer.com Pre-Chiller 
25’x ½’with 
brass fittings 
Sits in water bath 60.00 
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A.10. Fouling probe inventory 
General 
Name 
Manufacturer, 
Model, City, 
State 
Specifications Comments Quantity Price ($) 
Cast device 
box 
Killark electric 
manufacturing 
co 
KLRK FSL-1 
1/2 1G 
Electrolet 
1/2" K alum 
shallow feed 
thru type FSL 
 
Silver box that 
holds the 
thermocouples 
and jack panel 
1 30.00 
Male 
Connector 
Swagelok, MO 
SS-1210-1-
16BT  
3/4in OD x 1in 
male NPT 
Male connector 
between probe 
and union  
1 45.00 
Hex bushing  Grainger 
 
¾ x ½ in  
Threaded, 316 
SS 
 2 12.00 
Close nipple 1 in, Fully 
Thrd, SS 316 
 
 2 10.00 
Hex Bushing  
 
1 1/4 x 3/4In, 
316 SS 
 2 46.00 
Tee 1-1/4 In, 
Threaded, 316 
SS 
 
 2 42.00 
Brass ball 
valve 
FNPT, 1 in  1 31.00 
Union FNPT, 1 in  1 45.00 
Pipe Schedule 40 
18”long 1 in 
SS316 
 1 50.00 
Hex bushing 1 x ½ in, 316 
SS 
 2 20.00 
Jack panel  Omega, CT 
Part # JPCB-5-
K-F 
5-circuit 
standard 
conduit box, 
female pair 
with type K 
calibration 
 1 60.00 
 
 
